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ONULP 


PREFACE 


This small book attempts on behalf of the student of medicine 
—indeed on behalf of any student interested in the physiology 
of the nervous system—a concise account of elementary' features 
of reflex mechanism, as illustrated particularly by the mammalian 
spinal cord. 

To that end the plan here followed is to introduce and describe 
seriatim a number of reflexes typically obtainable from the 
mammalian preparation. These in every instance are reflexes 
which take expression in the skeletal musculature, predominantly 
in that of the limbs. The description and discussion given of 
them in each case are directed mainly towards analysis of the 
working of the reflex mechanism. In that connexion an object 
of study kept in view throughout is the individual motor-unit as 
a basal element of the reflex response. Improved technique 
provides more precise observations than were formerly possible 
of reflex time-relations and reflex quantities of effect both 
mechanical and electrical; hence the interpretation of reflex 
response in terms of the motor-unit itself becomes a tangible 
objective. 

The anatomical range of the book extends no farther head- 
ward than the quadrigeminal region of the brain. The higher 
actions of the nervous system are of set purpose omitted. The 
scope of the book extends to reflexes within the strict meaning 
of that term. Its discussion of them comprises finally an attempt 
to trace general principles of co-ordination observable in them, 
and in their interaction. 

The theme of the book being reflex mechanism it undertakes 
no systematic review of reflexes from their aspect as items of 
animal ‘behaviour’ or ‘conduct’. In short, of questions raised 
by reflex action, with all its variety of‘reflex figure’ and ‘pattern’, 
the problem dealt with here is that of physiological production 
and execution, and not that of biological significance. 

In the bibliography appended we have had in mind especially 
the convenience of students who are accustomed to consult 
works written in English. The list selected does not pretend to 
completeness. 
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vi PREFACE 

Lastly we would add that although our pages make little 
explicit reference to clinical fact and study, we yet cherish the 
hope that the student may find in them matter helpful to him 
when, under the guidance of his clinical teachers, he encounters 
the problems of nervous action presented in neurological practice. 

R. S. C. 

D. D.-B. 

J. C. E. 

E. G. T. L. 

c. s. s. 


The thanks of his fellow collaborators are gratefully given to 
their colleague, E. G. T. L., for his care, at the cost of much time 
and trouble, in assembling and adjusting contributions written 
somewhat individually for final incorporation in the text. 
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THE REFLEX ARC 


[i68, 96] 

If a piece of blotting-paper is moistened with weak acid and laid 
upon the skin of a decapitated frog, it excites a train of move¬ 
ments by which the animal gets rid of the irritating agent. The 
movements are reflex. The response involves a chain of re¬ 
actions, which, starting in the skin, travel by the nerves from the 
skin to the spinal cord and thence back to the periphery to the 
muscles which, in the example cited, are conveniently termed 
‘effector organs’. After the spinal cord is destroyed, no action is 
evoked. Cutting the nerve between the skin and the spinal cord 
will also abolish the reflex. Similarly, severance of the nerve from 
the spinal cord to the muscles precludes any reflex movement. 
In such types of reflex response the path travelled is a simple 
‘reflex arc’ (Fig. 1), and consists of 

(a) The inward path, which is composed of a receptor organ 
connected to an afferent nerve-fibre. Afferent nerve-fibres 
enter the spinal cord by the dorsal roots. 

(b) The nervous (or reflex) centre in the central nervous system. 

(c) The outward path, composed of an efferent nerve-fibre 
and an effector organ, e.g. muscle or gland. Efferent 
nerve-fibres leave the spinal cord by the ventral roots. 

In this book only the simple reflexes of the spinal cord (spinal 
reflexes) will be considered. 

The receptor organ. 

The receptor organ of pain, touch, or temperature sense, 
usually located in the skin, or a receptor organ such as the eye 
or ear, or a tension organ in muscle is so constructed as to be 
selectively responsive to agents in its environment. Thus touch 
and pressure receptor organs are especially responsive to 
mechanical stimuli, heat and cold receptor organs to changes 
of temperature, while other receptor organs are excited by ten¬ 
sion in muscles [9] (Fig. 2) or by certain positions of the joints. 
When the stimulus to a receptor organ is strong enough, im- 
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THE REFLEX ARC 

pulses are set up in the nerve-fibre connecting it to the central 
nervous system [2, 3, 4, 5]. 

It is the sole and invariable functional property of nerve- 
fibres to conduct ‘impulses’, each of which is indicated by its 
electrical disturbance. The only kind of nervous discharge from 
a receptor organ is a single impulse or train of impulses. The 
only modification of this discharge is by alteration of its fre¬ 
quency. If the frequency be high this alteration may secondarily 



Fig. 1. A diagram of a simple reflex arc in the spinal cord, d , dorsal nerve- 
root. v, ventral nerve-root, dg, ganglion of dorsal root, m, motor-nerve-cell 
m ventral horn. s } region of synapse. 

affect the ‘size’ of the impulses [131]. It is found that, within 
limits, when a previously inactive receptor organ is stimulated, 
the stronger the stimulation, the higher the frequency of its 
discharge. But if the stimulus be continued, the frequency 
gradually declines [4]. This slowing indicates that there 
is a progressive adjustment of the receptor organ (Fig. 3). 
This adjustment is termed ‘adaptation’ and is probably different 
from ‘fatigue’. The rate of adaptation varies greatly in re¬ 
ceptor organs of different type, being slowest in the tension 
receptors of muscle. The frequency of discharge from the 
organ is seldom sufficiently high for one impulse to travel in the 
relatively refractory period of its precursor [5, 10, 11, 131]. 

The afferent nerve-fibre. 

The centripetal impulses set up by receptor organs traverse 
nerve-fibres and enter the spinal cord by the dorsal roots. Each 






Fig. 2. Single end organ in frog’s sterno-cutaneous muscle 
responding to stretch from a load which began to be applied 
io secs, before the photograph was taken. Time o.oi sec. 
Recording instrument, capillary electrometer with 3-valve 
amplifier 

A. load 1 grm. Responses (denoted by black shadows) 
are very large. Frequency of discharge 33 a second. 

B. load -J- grm. Electrode distance has been reduced to 
diminish amplitude of excursions. Frequency 27 a second. 

C. load i grm. Frequency 21 a second. 




Fig. 3. Same experiment as Fig. 2. Decrease in frequency of discharge as 
duration of stimulus is increased. 1 grm. load. 



Fig. 4. Impulses in the phrenic nerve. 

A. . Normal breathing. Frequency of impulse, 28 a second. 

B. Trachea obstructed. Frequency 50 a second. 
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nerve-fibre in a trunk conducts impulses independently of the 
other fibres. Although the precise nature of the nerve-impulse 
is unknown, each impulse is accompanied by an electrical 
disturbance which can be registered by suitable apparatus [130] 
(Fig- 4)- The general view is that the nerve-impulse is itself 
an electrical phenomenon and the electrical disturbance can be 
regarded as a reliable measure of the impulse [60]. Under natural 
conditions, nerve-impulses originate from peripheral receptor 
organs or from nerve-cells in the central nervous system and, 
once started, they travel along the nerve-fibre with uniform 
size and speed (usually 20 to 90 metres a second). Electrical 
stimulation of the nerve-trunk itself by the break-shock of an 
induction coil or by a condenser discharge is a useful artificial 
method of setting up nerve-impulses and it operates without 
loss of time. When the artificial stimulus is very weak, no nerve- 
impulses are set up in any of the nerve-fibres (subliminal 
stimulus). As the stimulus is strengthened, single nerve- 
impulses are set up in a few nerve-fibres (threshold or liminal 
stimulus). With further increases in the strength of the stimulus, 
single nerve-impulses are set up in more and more nerve-fibres 
until eventually all the fibres in the whole nerve-trunk are 
excited (maximal stimulus). 

The aggregation of impulses set up by a single stimulus is 
called a single volley of impulses, or more shortly a ‘single volley’. 
So long as the strength of the stimulus suffices to excite a nerve- 
fibre, the size and velocity of the impulse in that nerve-fibre are 
entirely independent of the strength of the stimulus. So likewise 
when the stimulus is repeated frequently, this independence 
still obtains, provided always that a sufficient period is allowed 
for recovery from the effects of the passage of the previous 
impulse. The nerve-fibre always gives its maximal response or 
nothing at all. This constitutes the ‘all-or-nothing principle’, 
a fundamental rule in the activity of all nerve-fibres. Nerve- 
impulses set up by artificial stimulation are identical with those 
originating from sense organs or nerve-cells. In the central as 
well as in the peripheral nervous system there is no known form 
of propagation of nervous activity other than the nerve-impulse. 
The nerve-impulse is the universal currency of the nervous 
system [125, 60, 85, 91, 126]. 
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When a nerve-impulse has travelled along a nerve-fibre, a 
certain period of recovery must elapse before another full-sized 
impulse can pass. For a short time, the ‘absolutely refractory 
period’, no stimulus, however strong, can originate an impulse. 
For a further interval, the ‘relatively refractory period’, an 
impulse can be set up by a stimulus stronger than that required 
for a rested nerve. An impulse travelling in the relatively re¬ 
fractory period is smaller and slower than normal [102]. In the 
nerves of warm-blooded animals the absolutely and relatively 
refractory periods last for about i-oct and 5-00- respectively, 
i.e. altogether 6-oct are needed for recovery. 1 Since the total 
duration of the nerve-impulse as shown by the electrical dis¬ 
turbance is about 0-917, i.e. probably a little shorter than the 
absolutely refractory period, it is clear that successive nerve- 
impulses in the same nerve-fibre must travel well spaced from 
one another. They cannot fuse into a steady flow, like, the 
conduction of water in a pipe or an electric current in a wire, 
but may be compared to the repetitive discharge of bullets from 
a machine-gun. 

When the stimulus to a nerve is weakened to a value below' 
its threshold, no impulses are set up. But it may leave behind 
some effect, for two such stimuli in quick succession (less than 
1 a apart) are able to excite some nerve-fibres [124]. The effec¬ 
tiveness of the second stimulus is due to a persistence of local 
change, called ‘local excitatory state’, which is produced by 
the first stimulus. The local excitatory state differs from the 
nerve-impulse in four respects: 

(1) It is capable of summation. 

(2) It is not followed by an absolutely refractory period. 

(3) Its amount is proportional to the strength of the stimulus, 
i.e. it does not follow the all-or-nothing principle. 

(4) It is not conducted along the nerve but is localized at the 
stimulated point. 

When any single stimulus is applied to a nerve-trunk it produces 
a local excitatory state in each of the constituent nerve-fibres. 
In those where the local excitatory state is sufficiently strong, 
nerve-impulses are set up, but in others where the local excita- 


1 i <7 = i x io ~ 3 second. 





b 


F ! G ; s ' ^ Section of cell in dorsal region of grey matter in spinal cord of 
adult cat, showing ‘boutons terminaux’ in contact with the cell surface. 
(About one hundred ‘boutons’ were counted on the surface of this cell 
although, of course, that number is not visible at one focus.) Compare 
this figure with the model of a nerve cell shown in Fig. 202 B of ref [gsl 
{b) Same magnification of one ‘bouton’ in contact with the surface of a 
nerve cell of adult cat. In both these figures, the ‘boutons’ are somewhat 
degenerated: (a) 43 hours, ( b ) 24 hours. [208] 
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tory state is too weak, no impulses are set up. In either case, 
the local excitatory state diminishes gradually over a period of 
about i a. The nerve-impulse and the local excitatory state are 
the only excitatory' conditions known to exist in peripheral 
nerve, and they are fundamentally similar in afferent and efferent 
nerve-fibres. 

The reflex centre. 

The connexion of a spinal nerve with the spinal cord 
by two roots, dorsal and ventral, has been described. The 
afferent fibres, after entering the cord, end as profuse branches 
on the bodies of the nerve-cells (Fig. 5 a,b). Although there 
is no accurate knowledge of the conduction of nerve-impulses 
along nerve-fibres and their collaterals within the spinal cord, 
there is no reason to suppose that it differs fundamentally 
from the process in peripheral nerves. Histology shows that 
the part of the fibre essential for conduction (axis cylinder) 
has a similar structure in the peripheral and central nervous 
systems. The actual ending of each branch is a microscopic 
disk, bouton or pied terminal, applied to the surface of the 
perikaryon, without protoplasmic connexion [44] (Fig. 5 b). 
Although accurate numbers are not available, a nerve-fibre 
might well be supposed to divide into branches so that it has 
pieds in varying number on the different perikarya. The surface 
of the perikaryon under a pied is a ‘synapse’, and this surface is 
almost certainly the source of the characteristic features of reflex 
actions. 

The axones of the nerve-cells in the anterior horn of grey 
matter are the motor-nerve-fibres to muscle—hence the name 
of ‘motoneurone’ for these cells. The anterior horn cells are 
convergence points for reflex pathways, since the collaterals of 
many neurones end on their surface [190]. 

The effector organ. 

When the efferent (motor) nerve to a muscle is stimulated, 
the muscle gives ‘motor responses’. The afferent nerve when 
stimulated in the same way as the efferent nerve elicits from 
the muscle responses which are different from the ‘motor re¬ 
sponses’ because of modification imposed by the reflex centres. 
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THE REFLEX ARC 

Since contraction of skeletal muscle is the only expression of 
functioning of reflex centres which we shall consider, the 
simple features of the motor response must be known before 
the reflex response can be compared and analysed. 

A typical muscle consists of tens of thousands of muscle- 
fibres arranged more or less side by side and attached by one 



Fig. 6 . Electrical e and mechanical m records of responses of tibialis 
anticus muscle: 

(a) . Reflex response elicited by single break-shock to popliteal nerve. 

(b) . Maximal motor twitch elicited by a single break-shock to peroneal 
nerve. 

(c) . As in ( a) } except that the break-shock is stronger. 

Tension is shown on the scale at the side (isometrc responses). Time, 10 a. 

end to the tendon through which they pull. At the other end 
they are attached to bone either directly or indirectly by ten¬ 
dinous bands. On account of profuse splitting of individual 
nerve-fibres both just before and after entering the muscle, 
each motoneurone innervates on the average rather more than 
ioo muscle-fibres [48]. The axone of a nerve-cell together with 
all the muscle-fibres which it innervates by its numerous 
divisions is a single functional unit called the ‘motor unit’. All 
reflexes find expression in terms of motor units. 
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Muscle-fibres respond by a brief contraction called a twitch 
when a single volley of impulses passes down the motor-nerve- 
fibre [57]. Such a contraction may be produced by direct electrical 
stimulation of the motor-nerve (motor twitch) or by impulses 
from the nerve-centre of the spinal cord (reflex twitch). Since 
the axone does not begin to divide to any great degree until it is 
nearing the muscle, direct stimulation of the motor-nerve-trunk 
excites a number of axones, and pari passu, according to the 



Fig. 7. Mechanical (isometric) m and electrical record e of extensor 
digitorum longus, motor-nerve tetanus. Rate of stimulation, 67 break- 
shocks a second. 


strength of the current employed, the muscle-fibres innervated 
by them. If the stimulus is maximal, all muscle-fibres respond. 
Any features which are present in the reflex twitch and are 
absent from the motor twitch must have been added by the 
reflex centre (Fig. 6). When the muscle is one in which the 
fibres pull side by side, e.g. soleus, and not obliquely, e.g. 
gastrocnemius, the tension of the twitch is equal to the sum of 
the tensions of all the individual motor units, if care be taken to 
allow very little shortening. This condition is fulfilled by the 
isometric tension myograph, which registers optically the 
tension of the muscular contraction with a minimum of dis¬ 
tortion from inertia and friction. In Fig. 6 ( b ) there is a typical 
record of a muscle twitch together with the accompanying 
electrical response recorded by a string galvanometer. When 
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fewer units are excited the response is proportionately smaller 
and is called a submaximal twitch. 

A series of volleys of impulses in the motor-nerve—no matter 
whether produced directly or reflexly—gives rise to an enduring 
muscular response, a tetanus, which continues until a short 
time (e.g. 30 a) after the last volley reaches the muscle. When 
the frequency of the volleys is not more than 70 per sec., 
fusion between the mechanical responses to successive volleys 
is not complete, and the rhythm of the responses appears in the 
contraction as a series of corresponding waves. The rapidly 
moving string of the galvanometer, on the other hand, shows 
that the electrical responses from the muscle are discrete (Fig. 
7). The maximum tension of the tetanic contraction rises with 
the rate of stimulus, and when the frequency is about 60 
per sec., the tetanus has a tension about four times the tension 
of a single twitch [57]- The tension of a tetanus or twitch for 
a single average motor unit is determined by dividing the 
tension for the w'hole muscle, i.e. all the motor units by 
the number of motor-nerve-fibres (Fig. 67) 1 which is equivalent 
to the number of motor units. The following values have been 
obtained [78] : 

Tetanus. 


Gastrocnemius 
Soleus .... 
Extensor digitorum longus 
Semitendinosus 


3° grm. 
10 grm. 
8 grm. 
6 grm. 


The twitch tensions are about one-quarter of these values. 


See plate facing p. 99. 
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II 

THE SPINAL GREY MATTER 


This book is mainly concerned with spinal reflexes and their 
functional mechanism. It would be out of place to describe here 
such features of spinal structure as the long tracts in the white 
matter of the cord by which impulses pass to and from the higher 
co-ordinating centres of the brain. Yet for the understanding of 
reflex activities some knowledge of the minute structure of 
spinal white and grey matter is essential. Histological analysis 
[152] furnishes clues to the differences between conduction in 
nerve-trunks and conduction along reflex arcs. The latter 
are distinguished from the former by the fact that they include 
grey matter, with its complicated system of cell-bodies and cell- 
junctions, in addition to nerve-fibres. 

All impulses reaching the spinal cord from the periphery 
enter by the dorsal (posterior) nerve-roots. Impulses passing 
outwards to cause contraction in skeletal muscle leave the 
mammalian spinal cord by the ventral (anterior) roots (Fig. 1, 
p. 2). The discovery of this fundamental law of the roots is 
due to Charles Bell (1811) and F. Magendie (1822). 

The recently raised question of ‘pain’ afferents in the ventral roots 
has received a negative answer in experiments testing it in the mam¬ 
malian limb [61]. 

According to Ingbert [no] the dorsal spinal roots on each side of 
a man’s body contain about 634,000 myelinate fibres, and the ventral 
roots about 203,700. But there are, over and above these, a quantity 
of amyelinate small fibres in the dorsal roots the number of which has 
not been estimated. 

The efferent fibres in the ventral roots are processes of cells 
whose nuclei lie in the ventral horns of grey matter. But the 
cell-bodies, or perikarya, of the afferent fibres are outside the 
central nervous system in the dorsal root ganglia. It may be 
doubted, however, whether incoming impulses actually traverse 
these perikarya, since the fibres running into the cord and the 
fibres passing out to the periphery are united as single processes 
close to but outside the cell-bodies, where they thus form T- 
junctions. The most recent evidence [86] indicates that there 
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is a slight delay in the passage of impulses through the ganglia. 
Earlier work had given conflicting results. 

There is no convincing evidence that in mammals the dorsal 
spinal roots contain any fibres having their cells of origin else¬ 
where than in the root ganglia; that is, the dorsal roots contain 
no fibres arising within the central nervous system [133, 158, 
200]. 

Nevin has confirmed the existence in them of amyelinate nerve- 
fibres. Like the more numerous myelinate fibres, they are processes 
of cells in the dorsal root ganglia. After section of a dorsal root 
between its ganglion and the spinal cord, he finds that all the fibres 
in the central stump degenerate. Many of the fine regenerating fibres 
which are later found in this situation [158] have been traced by 
Tower directly from the ventral roots. Tower also finds no evidence 
of atrophy or dystrophy in muscles that have been deafferented for 
several months by removal of the appropriate dorsal root ganglia [200]. 

Almost immediately after entering the spinal cord by a dorsal 
root, the afferent nerve-fibre generally, and perhaps always, 
splits into two, or even three, main stems (Fridtjof Nansen). 
One of them, the shorter, runs taihvard, and the others head- 
ward, giving collaterals into the grey matter where the impulses 
which they convey cause either excitation or inhibition of the 
next neurones in the reflex arc. The course pursued by these 
fibres is of very variable length. Some run in the posterior 
columns of white matter even as far as the gracile and cuneate 
nuclei at the extreme top of the cord. According to current 
anatomy none of the afferent root fibres or their collaterals 
trespass across the median longitudinal plane of the cord. A 
crossed reflex effect therefore involves always an internuncial 
neurone. 

All anatomical evidence goes to show that there are no 
lengthy conduction paths inside the grey matter. All neurone 
junctions (synapses) in the cord lie in grey matter, so that a con¬ 
duction path need dip into grey matter only when it is about to 
end. Also, every conduction path begins somewhere within the 
grey matter, except the path of the primary afferent neurone 
which starts outside the central nervous system altogether. 
The course of a fibre within the spinal grey matter probably 
never exceeds a spinal segment. .An incoming fibre commonly 


THE NERVE-CELL n 

ramifies extensively when it enters the grey matter and ends 
as a fine arborization in relation to a number of nerve-cells. 
Reflexes differ considerably in the number of successive neurones 
composing their arcs. 

The nerve-cell (neurone) consists of a cell-body or peri¬ 
karyon from which a number of cytoplasmic processes extend 
outwards. These processes are of two kinds .'Dendrites are pro¬ 
cesses which branch freely close to the cell-body, and effect 
contact with terminal branches from other nerve-cells. They 
are commonly multiple, but occasionally are absent altogether. 
The axone is generally a single process, which may give off 
a few collaterals but typically does not ramify except near its 
termination. Along it impulses travel away from the cell-body 
either to other nerve-cells or to excitable tissues. The axis- 
cylinder of a motor-nerve-fibre supplying skeletal muscle, for 
example, is the axone of a nerve-cell the perikaryon of which is 
in the ventral horn of grey matter. 

A recurrent collateral or ‘side-fibre’ given off even before such 
an axone issues from the grey matter has been observed occasionally. 
It has been the subject of several conjectures as to function. The 
absence of reflex effect from stimulation of the ventral root has to be 
remembered in this connexion. 

When, on the other hand, the processes of a nerve-cell do 
not extend beyond the central nervous system, the axone is 
frequently short and almost immediately forms an arborescence 
(Golgi’s type II). This is so in the internuncial neurones or 
shunt cells in the spinal grey matter. 

In fixed preparations, both dendrites and axones are often 
found to contain numerous fine strands or neurofibrils running 
throughout their length and also continuous through the cell- 
body. There is some doubt whether they are present during 
life or are precipitation products caused by fixation. Many 
investigators have looked for them in vain in living vertebrate 
nerve-cells. In any case it seems difficult to regard them as the 
‘units’ of nervous conduction, since a nerve-fibre as a whole 
obeys the all-or-nothing law [15]. 

In the perikaryon is found the nucleus, containing a well- 
marked nucleolus. This part of the cell possesses other interest¬ 
ing cytological features. Mitochondria are present in its cyto- 
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plasm, together with peculiar angular structures, staining well 
with methylene blue, known as Nissl granules. The latter may 
perhaps be artefacts due to the fixatives employed, but neverthe¬ 
less they must have some precursor in the living cell; so that, 
even if they should prove to be post-mortem phenomena, their 
distribution and properties would still be worthy of attention. 
They are absent from the axone-hillock (or that part of the cell- 
body in which the efferent fibre originates) but may be found 
in the proximal portions of the dendrites. Under various con¬ 
ditions, such as after prolonged stimulation, they tend to 
disappear. They also suffer disintegration or ‘chromatolysis’ 
when their cell is mutilated by section of one of its processes. 
\\ hen examined during life by micro-dissection methods, the 
protoplasm of the perikaryon is found to be highly viscid 
(Chambers). 

Another structure present in the cell-body, and which shows 
characteristic changes when a nerve-fibre is cut, is the Golgi 
apparatus, a reticulum which finds its most complex develop¬ 
ment in the cytoplasm of nerve-cells. The changes which it 
undergoes are displacement to the periphery of the cell or 
‘retispersion’, often followed by fragmentation or ‘retisolution’. 
This structure has been shown [136] to be entirely separate 
from a canalicular system found in nerve-cells and named after 
its discoverer Holmgren. The two can be demonstrated as 
separate morphological entities in the same nerve-cell, and the 
latter exhibits no alteration during retispersion. Their functions 
are unknown. 

The discovery that the direction of conduction through a nerve¬ 
cell could be confidently inferred from the microscopic appear¬ 
ance of the cell was made by Cajal and van Gehuchten inde¬ 
pendently, when they showed that the sense of conduction was 
always cellulipetal in dendrites, cellulifugal in axones. 

hserve-cells are to be regarded as the anatomical units of 
\\ hich the nervous system is built. Although the most character¬ 
istic feature of the nervous system is its ability to transmit 
propagated disturbances from one part of the body to another, 
and this conduction almost invariably involves a whole series of 
neurones, the individual nerve-cell is, nevertheless, in several 
respects quite independent of its fellows. The plexus of nerve- 
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processes in grey matter does not constitute a syncytium. The 
facts of degeneration prove each neurone to be a self-contained 
independent anatomical unit. In accordance with the general 
rule, any part of a nerve-cell which is severed from its nucleus 
degenerates. Thus, after division of a peripheral nerve-trunk, 
the axis-cylinders of all fibres distal to the section die and are 
absorbed. On the central side of the point of section the fibres 
usually remain healthy. When the spinal cord is cut, the pyra¬ 
midal and other descending tracts exhibit a similar atrophy 
below the level of the transection. But Wallerian degeneration 
does not extend to processes of other cells, for instance, the 
ventral horn cells, with which these tracts communicate only 
functionally. Chromatolysis and retispersion have been men¬ 
tioned as occurring in the perikarya of mutilated cells. Below 
a transection of the cord, these changes are conspicuous in the 
cells of Clarke’s column, from which important ascending tracts 
arise, but they are not seen in the motor-cells of the ventral 
horn. 

The Golgi silver method also shows discontinuity between 
nerve-cells. Only a small proportion of the cells in a preparation 
take up the stain, but a singularly clear picture is obtained of all 
the ramifying processes of such as do. These processes are 
never seen to fuse with the processes or cell-bodies of other 
nerve-cells. They end merely in close apposition to the latter. 

Finally, the irreversibility of conduction through grey matter 
seems inexplicable except in terms of a definite surface of 
separation, or polarized membrane, between nerve-cell and 
nerve-cell. Nerve-fibres are known to conduct impulses equally 
well in either direction, whereas no reflex movement can be 
evoked by stimulation of the central stump of a cut ventral 
spinal root. This ‘law of forward direction’ cannot well be 
attributed to the cell-bodies contained in grey matter, since 
dorsal root ganglia conduct in both directions. Nor, as we have 
seen, is it a property of those cell-processes which are met 
with in peripheral nerve. The junctions between successive 
neurones are the only other structures interpolated in the reflex 
arc to which we can ascribe such blockage of ‘antidromic’ 
conduction. 

The minute structure of these points of contact between 
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nerve-cells, ‘synapses’, is by no means easy to determine, be¬ 
cause shrinkage and distortion of the very delicate elements 
involved must inevitably accompany fixation, imbedding, and 
staining, Fig. 5 a, b. The ‘boutons terminaux’ (Cajal) which 
form the terminal arborizations of axones in grey matter, are 
applied to the surface both of the dendrites and of the perikarya 
of other neurones [44]. If we confine our attention to the junc¬ 
tion between only two successive neurones, there are not one but 
many points of contact across which influences can be exerted. 
A further conspicuous feature is that one neurone is usually 
connected functionally with a considerable number of others 
next ‘down-stream’ to it, while these latter are themselves each 
subject to the influence of several next ‘up-stream’ neurones. 
Here we find the anatomical basis (a) for the experimental 
finding that a reflex response is rarely, if ever, confined to a 
single effector unit, and ( b ) for the principle of convergence of 
many afferent arcs on a single ‘final common path’. 

Histological analysis thus reveals a feature of the reflex arc 
differing qualitatively from anything found in a nerve-trunk. 
Correspondingly we shall see in subsequent chapters that 
impulses do not pass direct from nerve-cell to nerve-cell, but 
that at each relay a fresh set of impulses is set up, provided the 
excitatory process attains there a threshold value. 

So also in the sympathetic ganglia there is no direct anatomical 
continuity of pre-ganglionic neurone with post-ganglionic. Conduc¬ 
tion through these ganglia [144] resembles that through reflex arcs 
in that there is often no close correspondence between rhythm of 
stimulus and rhythm of response. 

The anatomical evidence that there is contact but not con¬ 
tinuity between the successive links in a connected chain of 
neurones is entirely consistent with the facts which we shall have 
before us in this book. So far as is known, however, no clear 
morphological difference distinguishes the ‘boutons’ into two 
classes, although, as we shall see later, central excitation and 
central inhibition are two distinct processes occurring in the 
spinal grey matter. 

The question whether the connexion between successive neurones 
is one of mere contact or of actual structural continuity is of much 
interest for function. Histologists have sometimes doubted Cajal’s 
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view that the 'boutons terminaux’ represent truly the mode of con¬ 
nexion between one neurone and another. They have claimed that 
the ‘boutons’ may be coagulated intercellular matrix drawn into 
fibrils during the shrinking of the cell, or that they may be termina¬ 
tions of neuroglia fibres. The evidence to the contrary seems con¬ 
clusive. Tiegs [198,199] describes that between two nerve-cells there 
is protoplasmic continuity, and not mere contiguity. In fixed pre¬ 
parations of the cord, he describes axone-collaterals branching freely 
in grey matter and finally penetrating dendrites. The neurofibrils, 
he says, pass without interruption from cell to cell. He and others 
have described neurofibrils as being occasionally visible ‘in unfixed 
and apparently living nerve-cells’; and ‘histological research leads’ 
him ‘to the conclusion that the neurofibril, rather than the neurone, 
is the elementary conducting unit of the nervous system’. The 
majority of histological observers favour the discontinuity view. 
Even the nervous system of Medusa, usually cited as an instance of 
continuity, was shown by Schafer, as long ago as 1878 [151], to con¬ 
sist of an interlacement of nerve-cells and their filaments which are 
discrete and nowhere continuous one with another nor united into a 
network. This observation has recently been confirmed [21]. 

In some of its properties, grey matter exhibits differences of 
degree rather than of kind in comparison with nerve-trunks. 
Examples are the great susceptibility of the former to fatigue 
and asphyxia, and to the action of such drugs as chloroform, 
nicotine, and strychnine. The site of incidence of these in¬ 
fluences is still undetermined. They may act at the synapses by 
altering the condition of the surface of separation or by changing 
the excitability of the down-stream neurones. On the other 
hand, emphasis has been laid, especially by Lucas [125], Adrian, 
Forbes [89], and Hill [106], on the extremely fine non-medul- 
lated nerve-filaments by which impulses are conducted in grey 
matter. They are threads much more slender than even the 
most slender medullated fibres in the peripheral nerve-trunks or 
white columns of the cord. Judging from analogy the speed of 
conduction for impulses in these fibres must be slower than the 
slowest conduction in nerve-trunks or in white matter. Their 
length, however, is always short. It may well be that the ex¬ 
planation for many of the features characteristic of reflex arcs 
is to be found in the properties of these structures. In particu¬ 
lar, they are of interest in regard to the ‘central time’ of reflexes 
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(p. 19). In keeping with the proneness of grey matter to fatigue 
and asphyxia is the richness of its blood-supply as compared 
with that of white matter. 

The final link in the path through which reflex contraction is 
evoked in skeletal muscle is formed by the large motoneurones 
in the ventral horns of grey matter. The axones of these cells 
conduct impulses direct to the muscles. Such an axone, to¬ 
gether with the muscle-fibres which it innervates, therefore 
constitutes the effector unit in reflex response. The whole is 
accordingly termed a ‘motor unit’. It may contain as many 
as 160 muscle-fibres [48]. In order to innervate so many 
muscle-fibres, nerve-fibres branch very extensively in the sub¬ 
stance of the muscle which they supply. Sometimes also 
dichotomous division is met with in motor-nerve-fibres at 
a distance from the muscle [49, 78]. Muscle-fibres show rapid 
atrophy when the axone supplying them is cut or when their 
motoneurone dies. An exception to this rule is provided by 
the intrafusal muscle-fibres in muscle-spindles. They alone fail 
to degenerate when a motor-nerve is severed. 
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THE FLEXOR REFLEX 

Introduction. 

A simple field for investigating reflex action is the lower part 
of the spinal cord after its isolation from the rest of the central 
nervous system by transection at the lower thoracic or upper 
lumbar level. This isolated portion of the spinal cord is capable 
of certain elementary reflexes of which the following is an 
example. A dog, whose spinal cord has been transected several 
days before, is lifted off the ground. Its hind limbs remain 
flaccid and show no spontaneous activity. If, however, one paw 
is pricked by a needle, there will be a sudden withdrawal of the 
limb because the flexor muscles of the hip, knee, and ankle 
contract. The contraction may continue for several seconds 
and then gradually subsides. Just as in the frog (p. i), so in 
the dog, destruction of the isolated portion of the cord or 
section of the dorsal or ventral roots abolishes all responses. 
The function of this type of reflex, the flexor reflex, is to with¬ 
draw the limb from contact with injurious agents. The long 
continuation of the response is not conditioned by the con¬ 
tracting muscle itself, for when contraction is brought about 
by stimulation of the motor-nerve, the muscle relaxes very 
quickly afterwards. To what cause can the delay in relaxation be 
ascribed—to a cause on the afferent side of the reflex arc or to a 
cause in the reflex centre ? Pain from a prick, be it remembered, 
lasts for some time, and Adrian has shown that with a prick there 
is a prolonged discharge of impulses in the afferent nerve [3], 
therefore the sustained character of the withdrawal may be de¬ 
pendent on the continued arrival of such impulses. How much 
of the prolonged discharge is due to this cause and how much 
to some activity in reflex centres has not yet been decided by any 
direct method. Electrical stimulation of afferent nerves, however, 
throws light on the relative contribution from any central source. 1 

1 Although stimulation of nerve-trunks is convenient in practice, one must 
not lose sight of the fact that it does not occur under natural conditions. In 
the nerve-trunk, fibres of the most diverse function, e.g. pain, touch, 
temperature sense, &c., are all excited together so that the reflex centres are 
subjected to a volley of impulses of widely different reflex significance and 
their co-ordinating function is thereby severely taxed. 
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No more than one single propagated disturbance is set up in 
any nerve-fibre by the application of a single stimulus to the 
nerve-trunk, e.g. by the break-shock of an induction coil 1 or by 
the discharge of a condenser of small capacity, unless the 
stimulus is very strong. If then a single weak stimulus be 
applied to a suitable afferent nerve, the resulting single volley 
of centripetal impulses produces a reflex response of very short 
duration. In fact the response may appear as rapid as the twitch 
produced by stimulation of the motor-nerve. To make accurate 
observation of this twitch, the tendon of a chosen flexor muscle 
is attached to the myograph, while all other muscles are 
immobilized by denervation, and the bones of the limb are fixed 
rigidly by drills. In its general features, as has been said, the 
myographic record of the reflex response is very similar to the 
motor twitch (Fig. 6, a and b). The simultaneous record of 
the string galvanometer shows that the action-current of the 
muscle during the reflex response is also very similar to that of 
a motor twitch except that the responses of individual motor 
units are more spread out in time, the volley of reflex impulses 
having a temporal dispersion sometimes 3 a or longer. Even with 
a temporal dispersion of this order there is often only a single 
impulse discharged from each motoneurone. When this is the 
case, the resulting muscular contraction is said to be a reflex 
twitch [79]. It can be distinguished from a submaximal motor 
twitch of similar tension only by its greater temporal dispersion. 

When the stimulus to the afferent nerve is weaker, centripetal 
impulses are set up in fewer afferent fibres, and so the resulting 
reflex response is smaller. If the centripetal impulses are very 
few in number, there may even be no reflex response. On the 
other hand, when the stimulus to the afferent nerve is made 
stronger, more afferent fibres are excited and the resulting reflex 
response is larger. Above a certain strength of stimulus a stage 
is reached when the reflex response changes its character, and 
both the mechanical and electrical records show that the reflex 
discharge continues for some time after the first large initial 
volley. Since the strength of stimulus requisite for eliciting 
such an enduring discharge is too weak to give rise to more than 

Without an iron core, for this delays the rate of demagnetization of the 
system and so prolongs the break-induced current. 
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one impulse in any afferent nerve-fibre,the prolonged discharge 
of the reflex response must originate in the reflex centres. This 
prolongation is, in fact, a common characteristic of this and 
other reflexes and it occurs, as we have seen, when a single volley 
of impulses in a sufficiently large number of afferent fibres 
impinges on the centre. In the flexor reflex, the discharge 
may last iooo- or longer (Fig. 6, c). This ‘after-discharge’, as 
it is called, is not due to the muscle re-exciting itself reflexly 
by impulses initiated in its own receptor organs as a result of 
the contraction [13], for the discharge obtains also in the 
deafferented preparation. After-discharge, therefore, must be 
the discharge of impulses from the reflex centres which continues 
after withdrawal of the external stimulus. During this or any 
other central activity several impulses may be discharged from 
a single moloneurone, and the impulses from any one moto- 
neurone are likely to be ‘out of step’, i.e. out of phase with the 
impulses from other motoneurones. 

Latent Period. 

If the moment of stimulation be registered, it will be seen 
that there is a considerable delay—‘latent period’—before the 
efferent discharge signals its arrival in the muscle by the start 
of the action current. Part of this delay can be calculated and 
allowed for as the time needed for the passage of centripetal 
impulses to the cord 1 and from there to the muscle. When 
these times are subtracted from the total latent period the re¬ 
maining interval—the ‘central reflex time’—represents the 
passage through the cord [79,90, hi]. In the example below this 
period is estimated by taking the time of arrival of the centri¬ 
fugal volley at a point in the motor-nerve so that the latent period 
of the muscular response need not be considered. 

Time for passage of impulses in 13-8 cm. of afferent nerve at 31-6 CT 
metres a second* ......... 4'4 

Time for passage of impulses in 19-5 cm. of efferent nerve at 93 metres 

a second* . . . . • • • • • . 2’i 

Total time for peripheral path . . . > . . . 6-5 

Apparent latent period observed . . . ... • .10-4 

.'. Central reflex time ........ 3-9 

# The actual rates are determined at the same time as the main experiment. 

1 No appreciable time is occupied by the break-shock in setting up the 
centripetal volley. 
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In general, the flexor reflex has a central reflex time between 

3-o and 5 5(7. 

The weaker the stimulus which is applied to an afferent 
nerve, the longer is the latent period of the resulting reflex 
response. This is shown in Fig. 8, where the tension of the 
reflex response (ordinates) is plotted against the latent period 
(abscissae). Spread of the stimulating current along the afferent 
nerve can only account for a very small part of this alteration of 



Fig. 8 . The tensions of a series of reflex responses (ordinates) are plotted 
against their respective latent periods (abscissae). Tibialis anticus muscle 
reflexly excited from ipselateral popliteal nerve. 

the latent period. For example in Fig. 8, although the strength 
of the stimulus was progressively weakened more during the 
series of six observations with the shortest latent period than it 
was for all the remaining observations of the series, the latent 
period lengthened only 0-3 a for these six observations as against 
1-8 o- for the remainder of the series. 

The lengthening of latent period therefore is almost entirely 
due to an increase in the central reflex time of the reflex 
responses evoked by smaller centripetal volleys. 

Reflex Tetanus. 

When an ipselateral afferent nerve is subjected to repetitive 
stimulation there ensues in the flexor muscle a prolonged con- 
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traction, which in many respects resembles a motor tetanus. 
The rise of reflex tension is as steep as in the motor response of 
the same frequency. This rapid rise in the reflex shows that all 
the motor units engaged respond to the first stimulus of the 
series. Reflexes of this type are called ‘d’emblee’ reflexes [117]. 
As long as the stimulus is continued, the tension of the ‘motor’ 
tetanus is fairly well maintained although often it shows a slight 
progressive decline. On the other hand, the reflex tetanus is 



Fig. 9. Electrical e and mechanical m records of responses of tibialis 
anticus muscle elicited by repetitive stimulation of popliteal nerve. The 
response rapidly falls off during the continuation of the stimulation. Time, 


10 cr. 

more variable. It may, on occasion, rise slowly for a time, but 
often it declines quite early and abruptly, Fig. 9. 

The rhythm of the reflex response [ 116]. 

When the frequency of the centripetal volleys is lower than 
50 per sec., the rhythm is just visible in the myogram of the 
tetanus as small undulations, Fig. 10. In the motor tetanus, 
however, this rate of stimulation gives a clearly defined rhythm. 
Why then is the rhythm blurred in the reflex response ? The 
answer is found by studying the electrical record of the response, 
which shows small accessory action-currents between the main 
volleys of the rhythm [50]. These small electrical responses, 
‘secondary waves’ (Fig. 10, c ), are due to after-discharge from 
the preceding stimulus. They maintain the mechanical tension 
of the muscle between the main volleys and tend to produce 
a smooth tetanus. 

Further comparison between motor and reflex responses [117]. 

Blurring of the rhythm in the plateau of the reflex is not the 
only evidence of modification imposed by the motoneurones. 
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If Fig. io a, b, is carefully examined, it will be noticed that the 
first step is higher in the reflex than in the motor tetanus. That 
is to say, the first volley of impulses from the reflex centre pro- 


I I I I I I I l I 




grms I I I I I I I | I I I I I I I I l I I i i l | i i i i i i | 



Fig. io. Myographic records of responses of tibialis anticus muscle set 
up as follows: 

(a) Motor responses elicited by a single break-shock followed by a tetanic 
stimulation at frequency of 39 per sec. 

(b) Reflex responses elicited by a single break-shock to the ipselateral 
popliteal nerve followed by a tetanic stimulation at a frequency of 39 per sec. 
Time, o-i sec. 

(c) Electrical e and mechanical m records of the response of tibialis anticus 
muscle to a repetitive stimulation of posterior tibial nerve. The secondary 
waves can be seen as small undulations between the primary waves which are 
marked by dots underneath. Time, 10 a. 

duces greater effective activity in the muscle-fibres than the first 
volley from direct stimulation of the motor-nerve. Asynchro- 
nism of the centrifugal volley by itself would not produce the 
higher step, but repetitive firing of the centre would. There¬ 
fore, even at its first outburst, the centre shows repetitive firing 























23 


FRACTIONATION OF THE REFLEX CENTRE 
(‘after-discharge’). When the first step of the reflex is com¬ 
pared with the ultimate height, the ratio is usually i: 2 5 (ratio 
of single shock : tetanus), though in Fig. 10, a, b, the ratio is 
nearer 1:2. In some cases the low ratio is due to ipselateral 
inhibition. On the other hand, the first step of the motor 
response may be 1:3 or 1:4 of the total height. 

When the series of tetanic stimuli comes to an end, the motor 
response subsides fairly rapidly, but the reflex response sub¬ 
sides slowly and reaches the base line much later, because the 
repetitive after-discharge of the centre continues for some time 
after the withdrawal of the stimulus. In the deafferented 
preparation, however, the after-discharge is very much reduced. 

Fractionation of the reflex centre [51]. 

If a series of records be made with progressive increase in the 
number of afferent fibres tetanically stimulated at a rate of 
50 per sec., it is found that increase of the strength of 
stimulus beyond a certain intensity fails to augment the ten¬ 
sion of the reflex. The reflex is then a maximal reflex for that 
particular afferent nerve. It might, of course, be suspected that 
the maximum is reached only because all the motor units of the 
muscle are reflexly excited, and the maximal reflex, ceteris 
paribus, might equal the maximal motor response. But, in fact, 
the tension of the maximal motor response usually far exceeds 
that of the maximal reflex response. Hence one must conclude 
that only a fraction of the motor units usually take part in the 
reflex response elicited from any one afferent nerve, and it is 
probable that the maximum reflex is reached for any particular 
afferent nerve only when each stimulus is strong enough to 
excite all the constituent afferent fibres. 

This fractional participation of units according to the nerve 
selected can be seen in Table I. 

Here, in the same preparation, the number of motor units 
involved varies according to the afferent nerve selected, but any 
particular nerve excites almost the same proportion of units of 
the same flexor in one animal as in another. Assessing the tetanic 
con traction-value of the average motor unit of tibialis anticus 
at 8 grm. [78], the number of units at the disposal of each of 
the above several afferent nerves can be tentatively given, e.g. 
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for external plantar not less than 155 motor units. Among 
different flexors, however, the proportion does vary, e.g. the 
popliteal nerve excites only 28 per cent, of tensor fasciae femoris, 
but about 80 per cent, of semitendinosus and tibialis anticus. 
As a rule, small or segmentally remote afferent nerves command 
only a small fraction, e.g. internal saphenous and obturator 
nerves for tibialis anticus, Table I. On the other hand, there 
are small nerves which excite a notably large fraction, e.g. the 
dorsal digital nerves individually may excite as much as 80 per 
cent, of semitendinosus. 


Table I. 

M. Tibialis Anticus. Maximum motor tension 2160 grammes. 


Afferent nerve stimulated . 

Tension of 
maximal reflex 
tetanus in 
grammes. 

Reflex tension 
expressed as 
percentage of 
maximal motor 
tetanus. 

Internal saphenous . 

800 

32 

Superficial obturator 

165 

6-7 

Deep obturator 

400 

16 

Nerve to quadriceps and sartorius 
Musculo-cutaneous branch of 

1190 

44 

peroneal .... 

1700 

69 

External plantar 

1240 

50 

Internal plantar 

1330 

54 

Small sciatic .... 

680 

28 

Hamstring .... 

565 

23 

Nerve of sural triceps 

300 (rather low) 

12 

Total 

8370 



The fraction of motoneurones reflexly excited by an afferent 
nerve alters during the course of an experiment. As a rule there 
is a gradual increase due, probably, to recovery from spinal 
shock after transection of the cord, although at first recover}' 
from anaesthesia cannot be neglected. In weak preparations 
fatigue or a failing blood-supply may cause continued fluctua¬ 
tions. Strychnine too, in subconvulsive doses, alters the size of 
the fraction which is accessible, but the fraction does not reach 
unity. These results point to there being a limit to the size of 
fraction accessible to an afferent nerve. If strict anatomical 
limitations existed, there would be no transient fluctuations. 
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PRINCIPLE OF CONVERGENCE 
Principle of Convergence. 

From Table I it is clear that the sum of the tensions of the 
reflex responses of a muscle elicited from individual afferent 
nerves far exceeds the maximal motor tension which can be 
developed by stimulation of the motor-nerve. This can only 
mean that some motor units are excited from more than one 
afferent nerve. The central terminations of different afferent 
nerves must therefore converge on to the same motoneurone. 
Hence arises an overlap of their respective reflex fields. This 
‘Principle of Convergence’ [164, 168] is the basis of co-or¬ 
dinated function in the nervous system. Myographic evidence 
for multiple convergence is strongly supported by histological 
study of the central nervous system, which emphasizes the 
wealth of convergence in the reflex pathways of the spinal 
cord. 

If, instead of using the main nerves mentioned in Table I, 
one stimulates separately the several tributary nerves composing 
them, the aggregate reflex tension exceeds that from the intact 
main nerve, and values of more than seven times the maximal 
motor tetanus have been obtained under such conditions. A 
central functional convergence as great as this gives a glimpse 
of the degree of overlap which the microscope shows to exist 
within the central nervous system. 1 Even small nerves contain 
hundreds of afferent fibres with consequent possibilities of in¬ 
tense convergence, and these possibilities are multiplied by 
the existence of many collaterals which are given off by each 
afferent nerve after entering the spinal cord. 

Occlusion [45, 52]. 

Another aspect of this overlapping distribution has been 
brought to light by setting up concurrently a series of centripetal 
volleys in two afferent nerves. When, for example, tibialis 
anticus muscle is excited reflexly by concurrent stimulation of 
two plantar nerves, the reflex tension is more, e.g. 181 kg., than 
when one plantar nerve alone is stimulated, e.g. 157 kg., but 
is much less than the sum produced by adding the tensions from 
stimulation of the nerves separately, e.g. 1-57+ 1-58 kg. (Fig. n). 

1 Peripheral convergence due to branching of peripheral afferent nerve- 
fibres is negligible, but see Adrian, Cattell, and Hoagland [7]. 
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This result is what would be anticipated from our knowledge of 
overlap, for the motor units common to both nerves are already 
excited maximally by one nerve so far as the development of 

tension is concerned. The 
centripetal volleys, there¬ 
fore, from the second nerve' 
cannot cause the develop¬ 
ment of any extra tension. 
The consequent deficit of 
tension is called‘Occlusion’. 
In the above example the 
occlusion amounts to 

i*57 +1-58-1-81 kg. = 

i -34 kg- 

It may be argued that the 
lack of added contraction 
during overlap is due to the 
motoneurones being already 
so fully excited by one nerve 
that impulses arriving from 
the other nerve are for some 
reason ineffective for ex¬ 
citing them further. This 
objection cannot be met 
from the record of muscular 
tension alone, because, of 
course, the muscular units 
are already excited maxi¬ 
mally. But the objection 
can be met from the elec¬ 
trical record [56] which 
shows that the rhythm of 
therefore of the motoneurone 



muscle evoked as follows: 

Upper broken line—from tetanic 
stimulation of external plantar nerve alone 
during e'i'. (For clearness, this upper line 
is drawn 1*5 kg. above its actual tension.) 

Lower broken line—similarly for in¬ 
ternal plantar nerve alone. 

Dotted line—the course of the con¬ 
traction if these two contractions had 
fully added themselves during concur¬ 
rent stimulation of both nerves. 

Continuous line—the actual response 
obtained under these conditions. 

the muscular action-currents and 


discharge is double, and that the motoneurones are responding 
to both series of centripetal volleys (provided always that one 
series of responses is not prevented by the refractory periods of 
the other series). Both series of centripetal volleys do therefore 
activate the motoneurones. 
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Possibly part of the contraction-deficit in the concurrent 
response may be due to inhibition. Against that likelihood is the 
fact that, although in cases where the convergent afferents are 
large there would be a special risk of it, and, although the contrac¬ 
tion-deficit is heavy, no trace of effective inhibition exists because 
there is a maximal tetanic contraction of the whole muscle. 

It is convenient to have a simple diagram to represent the 
effects of overlap between the motor units excited by centri- 



Fig. 12. Two excitatory afferents, a and b , with their respective fields of 
threshold excitation in the motoneurone pool of a muscle. Axones are drawn 
for only four of the motoneurones activated by a alone (a", a, a , and /?') and 
by b alone (ft', ft", and a'). Concurrently they activate not eight but six, 
i.e. give a contraction deficit by occlusion of contraction in a and f}\ 

petal volleys in different nerves. In Fig. 12 the anterior horn 
cells which correspond to the motor units of a muscle are set 
inside a circle. This is the ‘motor centre’ of the muscle or its 
‘motoneurone pool’. The fractional portions excited to dis¬ 
charge by centripetal volleys in reflexes a and b are shown as 
small areas circumscribed by the continuation of the line 
representing the nerve in question, and each can be referred to 
as the motoneurone field of that nerve. For simplicity in the 
diagram, only six neurones are supposed to be concerned. Each 
motoneurone may be assumed, for the purposes of argument, 
to have the same tension value in the myogram. Four 
of these motoneurones are in the field of nerve a and four 
in the field of b, so that two are common to both. If a tetanic 
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reflex is elicited by nerve a, nerve b can, ceteris paribus , add in 
the myogram only the tension of two more units. This is only 
half its reflex effect when alone. In other words, reflex b has 
suffered a 50 per cent, occlusion by reflex a. Similarly, a series 
of volleys in a nerve during the reflex from b nerve show an 
occlusion of a reflex by b reflex. 

Occlusion therefore is a measure of central overlap. The more 
motor units which two reflexes have in common, the greater will 
be the opportunity for occlusion. Occlusion exists not only 
between reflexes from closely allied nerves, e.g. the two plantar 
nerves, but also between reflexes from nerves most diverse seg- 
mentally and functionally, e.g. the external cutaneous nerve of 
groin and the hamstring nerve, or the internal saphenous nerve 
and the nerve to sartorius. Hence the wide range of convergence 
of paths within the cord must again be emphasized as showing 
how co-ordination of function can be attained. 

As the amount of occlusion between reflexes from closely 
allied nerves, e.g. two plantar or two dorsal digital nerves, is 
usually greater than one would expect from the size of the in¬ 
dependent reflexes, the motoneurone fields excited by such a 
pair of nerves must be very similar—an important factor in the 
co-ordination of function. Fig. 12 leads one to expect that the 
more extensive the motoneurone field in one reflex, the greater 
the occlusion of any other reflex. This does occur, for if tibialis 
anticus is observed, its response to weak centripetal volleys in 
the internal plantar nerve occludes less than 80 per cent, of the 
response from the external plantar nerve, but with increase in 
the strength of the volleys the occlusion is nearly 95 per cent. 
[ 52 ]. A very powerful reflex may occlude another completely. 

Conversely, decrease of the motoneurone field by reducing 
the size of centripetal volleys, by spinal shock or by fatigue, 
reduces the amount of occlusion. Weak reflex responses may 
show no occlusion at all, and under some circumstances the 
conjoint effect of the two reflexes may be greater than the sum 
of the two acting independently. This phenomenon occurs 
because the two series of centripetal volleys, when concurrent, 
activate some motor units which are not activated by either 
series alone. This is an example of facilitation, the outcome of 
which is the reverse of occlusion. 
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When facilitation occurs in strong reflexes it is masked by 
occlusion. During the concurrence of centripetal volleys, the 
addition of a few motor units by facilitation makes a tension 
deficiency from occlusion appear less than it really is. Any error 
from this source is probably small enough to be neglected when 
maximal stimuli are employed. More important than such 
facilitation is the inhibitory effect which impulses in one nerve 
may exert upon the excitation from the other [52, 80]. As this 
is incomplete and associated also with some excitatory effect, it 
may be difficult to detect and the tension deficiency due to 
occlusion may be over-estimated. In powerful reflexes, complica¬ 
tion from inhibition may be absent. For instance, when one 
powerful reflex is occluded by another one still more powerful, 
every motor unit of the muscle may be found in action. 

When two series of centripetal volleys evoke concurrent 
reflexes, their temporal relationship merits consideration. For 
example, both may begin and end together, or one may be 
intercurrent for a short time during the other or one may start 
sooner and finish sooner. All types are equally suitable for 
demonstrating occlusion, but the last two have the advantage of 
showing its beginning and end. Occlusion, of course, begins 
when the intercurrent reflex begins. During the concurrence of 
the two reflexes, the contraction plateau of the myogram is 
maintained more steadily than when one reflex alone is operative. 
Each reflex steadies and sustains the other in those central paths 
which they activate in common. On cessation of one reflex the 
other reflex is usually left without any obvious trace of the con¬ 
currence. Since the electrical record shows that each reflex 
continues independently of the other except for the influence 
of the refractory period of the common path, it can be under¬ 
stood why one reflex as a general rule emerges so little affected 
from occlusion. An exception occurs if the emerging reflex is 
of the ‘jet’ type which shows a very rapid decline of tension 
(Fig. 9), for then it is often better sustained after a short 
period of concurrence with some other reflex. 

The reflex field of flexors of a whole limb. Fractionation. 

Thus far we have been concerned with the influence of 
centripetal volleys of impulses in various afferent nerves upon 
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the reflex centre of a single flexor muscle (tibialis anticus, semi- 
tendinosus, or tensor fasciae femoris). But the flexor reflex is 
not confined to a single muscle, as our preliminary example 
showed, nor to the flexor muscles of a single joint, but in greater 
or less degree to all the flexor muscles of all joints—hip, knee, 
and ankle [178]. In the study of the reflex responses of one 
muscle we have neglected the wider distribution of the reflex. 
Nevertheless, those three muscles which have been observed at 
different times are types of hip, knee, and ankle flexors, so that 
the results on occlusion and fractionation may be assumed to 
hold for all flexor muscles. 

Experiments on fractionation show that there is often varia¬ 
tion in the fractions of various muscles reflexly excited by 
maximal centripetal volleys in one nerve. By taking records 
simultaneously of the reflex contractions of two muscles in 
response to centripetal volleys in one nerve, it is possible to get 
a further knowledge of reflex co-ordination among flexor 
muscles [58]. 

In Table II, for example, the tensions of the reflex responses 
for each nerve are expressed as percentages of the strongest 
contraction. 

Table II. 


Nerve . 

Hip flexor. 

( Tens. fasciae fem ») 

Knee flexor. 

( Semitendin.) 

Ankle flexor . 
(Tib. ant.) 

Int. saph. . 

100 

56 

87 

Popliteal 

Peroneal distal to 

3 or'less 

42 

100 

Tib. ant. n. 

H 

100 

69 


The reflex field excited by centripetal volleys in any nerve is 
distributed in a characteristic manner over fractions of the 
centres of all the flexor muscles of the limb. These fractions 
depend largely on functional conditions such as spinal shock, 
fatigue, and blood-supply, but there is an underlying basis of 
anatomical significance. 

In any nerve the centripetal volleys which are just strong 
enough to evoke a reflex response in one muscle, are sufficient 
for other muscles, that is, the thresholds are the same. Each 
step of increasing the number of active afferent fibres, that is, 
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the number of centripetal impulses, increases the absolute 
amount of reflex contraction by activating more motor units, 
although the ratio of the responses of any two muscles is usually 
altered. Different muscles have almost identical latent periods 
for their reflex responses. Thus in fractional involvement, in 
threshold, and in latent period different flexor muscles have the 
same characteristics in response to a particular series of centri¬ 
petal volleys. The reflex field which can be excited by centri¬ 
petal volleys from any nerve includes those fractionated groups 
of flexor motor units which are bound together by functional 
similarities of threshold and latent period. The reflex field is 
a functional entity including extensor as well as flexor muscles, 
unrestricted by anatomical boundaries such as the limits of the 
motoneurone centre of any particular muscle, although, owing 
to the greater involvement of some centres, each nerve has its 
own characteristic field. The term flexor reflex, therefore, 
denotes a group of reflexes which employ similar muscles but in 
the detailed distribution of motor units differ one from another. 

THE REFLEX RESPONSE EVOKED BY TWO 
CENTRIPETAL VOLLEYS 

(a) When each is just too weak to evoke a reflex response. 

Summation. 

If the stimuli (single break-shocks) applied to two afferent 
nerves are reduced so that either alone is just too weak to elicit 
a reflex response, there may be a small response when the 
stimuli are applied at a short interval apart [25,27,77,190]. The 
reflex response is the smaller the longer the interval, and dis¬ 
appears when the stimuli are separated by a sufficiently long 
interval. Thus in Fig. 13 each point denotes the tension de¬ 
veloped by the reflex contraction of tibialis anticus in response 
to stimuli applied to the medial and lateral nerves to gastro¬ 
cnemius at the interval indicated. 

After exclusion of other tentative explanations, we are left 
with the explanation that the reflex response must be due to 
summation within the spinal cord [77]. Either stimulus alone 
sets up a centripetal volley which is unable to evoke a reflex 
discharge, but at short stimulus-intervals the excitatory condi¬ 
tion produced by one volley sums with that produced by the 
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other and sets up a reflex discharge from some motoneurones. 
The smaller response at any longer stimulus-interval indicates 
that a discharge has been evoked from fewer motoneurones. 
Therefore, in some motoneurones, the excitatory condition re¬ 
maining from the first volley is added to that produced by the 
second volley and reaches a threshold intensity at a short, but 
not at a long, interval. Similar arguments applied to a series of 
observations make it possible to conclude that in any moto- 



Fig. 13. Reflex responses of tibialis anticus to two stimuli (each one of 
which alone is just threshold) to med. gastroc. n. and lat. gastroc. n. at various 
intervals. Abscissae, stimulus interval in sigmata, ordinates tension in 
grams. To right of zero, lat. gastroc. n. is stimulated first, to left of zero, med. 
gastroc. n. first. Curve shows relation of resulting tension to stimulus 
interval. 


neurone the excitatory condition (if subliminal) produced by a 
centripetal volley diminishes progressively in intensity until at 
a sufficiently long interval no trace can be detected. The en¬ 
during excitatory condition thus set up by a centripetal volley 
can be conveniently called the central excitatory state, c.e.s., 
without prejudice as to its precise nature. 

There is a summation of the central effects of centripetal 
volleys in different afferent nerves and it follows that such 
afferent pathways must converge upon the same motoneurones. 
For example in Fig. 14, if the motoneurones enclosed by the 
afferent paths a and b be supposed each to represent the re¬ 
spective fields of subliminal excitation, then summation of c.e.s. 
is possible only in those motoneurones common to each field. 
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Summation probably occurs at the actual convergence points on 
the motoneurones rather than during the passage along common 
nerve paths, e.g. in overcoming a block from decremental con¬ 
duction, for in the latter case one would expect some evidence 
of a refractory period following the first centripetal volley. But 
no such evidence exists. 

When centripetal impulses reach this part of a motoneurone 
they suffer a change whereby they become capable of summa- 



Fig. 14. As in Fig. 12 but weaker stimulation of a and b restricts the 
respective fields of threshold excitation as shown by the continuous line 
limit, a by itself activates 1 unit a; b similarly jS. Concurrently they activate 
4 units (a', a, j 3 ', and /?) owing to summation of the subliminal effect in the 
overlap of the subliminal fields outlined by the dots. (Subliminal fields of 
effect are not indicated in Fig. 12.) 

tion, i.e. they are transformed into so much c.e.s. which, if 
sufficiently intense, sets up a reflex discharge passing as a nerve- 
impulse down the axone of the motoneurone. If the c.e.s. fails 
to set up a reflex discharge, i.e. is subliminal, it diminishes 
progressively until none is detectable after a period of, usually, 
10 a to 20 o. 

As might be expected, there is also summation of the effects 
of two centripetal volleys which are set up in the same afferent 
nerve. If, however, the stimuli are applied to the nerve at too 
short an interval the centripetal volley set up by the second 
stimulus will be small or absent owing to the refractory period 
of the afferent nerve-fibres, which follows the first volley. For 
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this reason the reflex response elicited by the combined stimuli 

is usually at a maximum when the stimulus-interval is 40- to 6 a. 

Besides showing the existence of the enduring excitatory 
condition of c.e.s., the experiments on central summation also 
show that the c.e.s. which is produced in a motoneurone may be 
subliminal to varying degrees. Moreover, it can be concluded 
that a single centripetal impulse rarely, if ever, gives rise to a 
c.e.s. of more than subliminal value, for it is almost always 1 
possible to make a stimulus so weak that it sets up several 
centripetal impulses, but yet fails to elicit a reflex response. 
That centripetal impulses are set up by such a stimulus is 
revealed by the resulting production of a subliminal grade of 
c.e.s. (recognizable as above by its power of summing with the 
other, also subliminal, c.e.s. produced by another centripetal 
volley). Therefore it follows that summation of the effects of 
several impulses is necessary to set up a reflex discharge. Both 
the repetitive nature of the discharge from receptor organs, and 
the great wealth of convergence paths in the central nervous 
system ensure that ample possibilities for central summation 
exist under normal conditions. 

(b) When each centripetal volley produces a reflex response. 

If both volleys are set up in the same afferent nerve and the 
second is made rather weaker than the first, all the impulses of 
the second volley will travel in fibres along which impulses of 
the first volley have already passed. When the interval between 
such volleys is short, the reflex contraction evoked by the second 
volley is due largely to the discharge of motoneurones which fail 
to respond to either volley alone [80]. The response of these 
motoneurones must have been due to a summation of the sub¬ 
liminal excitatory effects of each volley in the way described in 
the previous section. 2 

The question now arises: Why do not motoneurones, which 

1 The exceptional cases are probably due to the complicating effects of an 
ipselateral inhibition (p. 35). 

2 The method depends on the fact that one single maximal antidromic 
volley (pp. 38—9) in motor-nerve-fibres blocks one centrifugal impulse in each 
motor-nerve-fibre, so that only those centrifugal impulses discharged from 
a motoneurone after the first group can reach the muscle and evoke a con¬ 
traction [79]. 
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respond to the second volley alone, respond also when it is 
preceded by the first volley? This unresponsiveness which fol¬ 
lows the first volley may persist for over iooct —sometimes for 
more than 400a [80,93, 104], i.e. even when the second volley 
follows the first at these long intervals it evokes either no 
response or a response which is smaller than normal. Inhibition 
and refractor} 7 period are two possible causes of this unrespon¬ 
siveness. The former effect could be due presumably to some of 
the impulses of the first volley being inhibitory in nature. The 
latter effect would follow the reflex response, and would be 
confined to those motoneurones which responded to the first 
volley. 1 Since the field of inhibition would not be restricted in 
this way, it is possible, under certain conditions, to distinguish 
between the effects of refractory period and inhibition. Thus, 
in those cases where unresponsiveness persists for more than 
80 a after the first volley, it can always be shown to be due to 
inhibition, for it is present both in the motoneurones which 
respond to the first volley and in those which do not. For 
example, if the first centripetal volley is so weak that it evokes 
a reflex discharge from very few motoneurones, it often greatly 
reduces the response evoked by a much more powerful second 
centripetal volley. In one observation the first centripetal volley 
produced a response of only 10 grm., but it reduced the response 
to a second centripetal volley from 240 grm. to 60 grm. when the 
interval between the two volleys was 50 <7 [80]. It is clear that the 
stimulus setting up the first centripetal volley, although too weak 
to excite many excitatory fibres, excited many inhibitory fibres. 

In cases where the response to the second volley has been 
reduced only when it follows the first at less than 30 cr, it has not 
yet been possible to show whether or not this reduction is due 
to inhibition. 

Finally, in some cases the response to the second volley is not 
reduced even when the interval between the volleys is only 16 a. 
At intervals shorter than this, the effect is masked by the 
response of additional motoneurones which are brought in by 
facilitation. 

1 It is important to realize that a refractory period always follows the 
reflex discharge of a motoneurone regardless of the simultaneous presence of 
inhibition. 
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(c) The latent period of the response to the second of two centripetal 

volleys. 

When the interval between the two volleys in either the same 
nerve or different nerves is comparatively brief, the shortest 
latent period of the response to the second volley is less than 
normal [79]- Where the volleys are set up in different nerves, 
the response at any interval can be investigated without com¬ 
plication from the refractory period of the afferent pathway. In 
such cases the latent period of the second response is usually 
shortest at intervals of 6-8 a. At longer intervals the latent 
period is less affected and at intervals of 20 a or more it is usually 
unchanged. At briefer intervals also the latent period is less 
affected, and, when both volleys are set up simultaneously, it is 
seldom more than 1 o shorter than normal [23, 29, 30, 31]. 

When both volleys are set up in the same afferent nerve, the 
effects are similar for intervals of 6 a or longer, but with shorter 
intervals the effect of the refractory period of the nerve following 
the first volley is a complicating factor. The motoneurones 
which respond at these greatly reduced latent periods are, for 
the most part, those which are not excited by either volley alone. 
They are in the subliminal fringe of each volley, and their 
response is due to facilitation [69]. 

No part of the shortening of the latent period can be accounted 
for by reduction of the conduction time in the peripheral path¬ 
ways. It must occur at the expense of the central reflex time. 
If the central reflex time is calculated by the method described 
(p. 19), it is found to be very short when the latent period of 
the second response is a minimum. Thus in two experiments 
it was 0/3 <7 and 0-40- respectively, and in no experiment is it 
probably more than 1 a. Now just as there can be no reduction 
in the peripheral conduction time, so there can be no reduction 
in the conduction time along central reflex pathways. Therefore 
it is concluded that, at least in some experiments, the central 
conduction time is normally not more than 0-5 a. The remainder 
of the normal central reflex time is occupied at some central 
part of the reflex arc. There a nerve-impulse presumably gives 
rise to an excitatory condition which endures for some time 
before setting up an impulse in the next part of the central 
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pathway, i.e. there is delay at that point. This excitatory con¬ 
dition is undoubtedly the c.e.s. which has already been postu¬ 
lated to explain summation, and which is located most probably 
at the synapses. Central reflex time is, therefore, the sum of 
the central conduction time and the synaptic delay. 




Fig. 15. Diagrammatic representation of the c.e.s. of a motoneurone 
plotted as ordinates against time as abscissae. 

All experimental observations on latent period can be satis¬ 
factorily accounted for if it be assumed that, in any motoneurone, 
the c.e.s. produced by a single centripetal volley gradually rises 
to a maximum over a period of several sigmata and then slowly 
declines as shown in Fig. 15 [79]. This is probably the result of a 
temporal dispersion of the incident excitatory impulses, a con¬ 
dition indicated by other experimental observations (p. 41). On 
the above assumption the‘synaptic delay’which normally occurs 
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will be the time necessary to build up c.e.s. to threshold value. 
Thus in Fig. 15, if OT is the threshold value of c.e.s., TT 1 is the 
synaptic delay. 

The temporal dispersion of the reflex discharge is the result 
of differences in the ‘synaptic’ delays in the different moto- 
neurones. The more intense the excitation of a motoneurone, 
the shorter the ‘synaptic’ delay is likely to be, and hence the 
shorter latent periods of stronger reflexes. Finally Fig. 15 shows 
how the shortening of the latent period of the second response 
can be explained. os 2 s 3 s 4 represents the course of the subliminal 
c.e.s. produced in a motoneurone by the first centripetal volley. 
When the foremost impulses of the second centripetal volley are 
incident at s 3 , it is clear that the ‘synaptic’ delay for that moto¬ 
neurone (interval between s 3 and t 3 ) would be much shorter 
than for motoneurones which responded to a single volley, e.g. 
tt 1 in Fig. 15. In motoneurones where the c.e.s. just failed to 
reach threshold, the ‘synaptic’ delay would be so much shorter 
than s 3 T 3 as to be negligible, and the central reflex time would 
be almost entirely a central conduction time. At shorter or 
longer intervals between the volleys the ‘synaptic’ delay would 
be longer than at s 3 , e.g. at s 2 and s 4 in Fig. 15. The interval 
between the volleys at which there is the shortest ‘synaptic’ 
delay corresponds to the interval between the beginning of the 
c.e.s. production and the attainment of the maximum intensity 
in the average motoneurone. Values of 6 a to 8 a are usual for 
this interval in experiments where the centripetal volleys are 
set up in different afferent nerves. 


THE EFFECT OF AN ANTIDROMIC VOLLEY ON THE REFLEX 
RESPONSE TO A SINGLE CENTRIPETAL VOLLEY [74] 

When a single maximal (for the motor-fibres) break-shock is 
applied to the intact motor-nerve by electrodes a (Fig. 16), it 
sets up two volleys of impulses which travel in opposite direc¬ 
tions. One, the centrifugal volley, passes to the muscle and 
excites it to respond by a maximal twitch, and the other, the 
centripetal, passes to the spinal cord. Since all the afferent 
nerve-fibres have been cut, the only centripetal impulses to 
reach the spinal cord will be in the motor-nerve-fibres (anti- 
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dromic impulses). A maximal motor twitch is the muscular re¬ 
sponse evoked by a single maximal break-shock applied through 
electrodes a. (Therefore an antidromic volley does not evoke 
a discharge of nerve-impulses from motoneurones.) On the other 
hand, for some time after an antidromic volley has reached the 
motoneurones, it is more difficult to set up a reflex discharge 
[63, 74]- For example, the 
reflex response to a centripetal 
volley is reduced by an anti¬ 
dromic volley which precedes 
it by a short interval. If that 
interval be made shorter, all 
the reflex response is blocked, 
provided that there is no re¬ 
petitive after-discharge (p. 42). 

Thus a single centripetal volley 
does not evoke a reflex dis¬ 
charge from motoneurones 
within 5 a of the arrival of an 
antidromic volley, but at about 
10-5 <7 after an antidromic 
volley the motoneurones have 
recovered their normal respon¬ 
siveness. 

It has been concluded that 
this effect of an antidromic 
volley is due to the setting up 
of a refractory period in the 
motoneurones—at first abso¬ 
lute, later relative—having a 
total duration of about 10 5 a. Although the unresponsive period 
lasts for 5 a after an antidromic volley, this is not the duration 
of the absolute refractory period, because the effect of the 
centripetal volley cannot be made adequately strong, owing to 
the insufficiency of afferent terminals. The true absolute 
refractory period of the motoneurones is much shorter, for it 
is possible to set up two antidromic volleys, without hindrance 
from the absolute refractory period of nerve (icr), at such a 
short interval that the second reaches the synapses of the 



Fig. 16. Schema of reflex pathway 
and recording systems, v, ventral 
root. d y dorsal root. electrodes on 
uncut nerve to muscle, c , electrodes 
on afferent nerve. 
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motoneurones only 2-5(7 after the first. The absolute re¬ 
fractory period of the motoneurones must, therefore, be less 
than 2-5 a. 

THE REFRACTORY PERIOD OF THE REFLEX ARC [26, 80] 

The present view of the mechanism of setting up reflex 
discharges conceives of the refractory period of the arc being 
identical with the refractory period of the motoneurone after 
reflex discharge, although each particular part of the reflex arc 
has, of course, its own characteristic but shorter refractory 
period. The direct determination, however, of refractory period 
of the arc by observing the reflex responses to two centripetal 
volleys at various intervals apart is fraught with difficulties. 
For example, it is always difficult to distinguish between in¬ 
hibition and refractory period as causes of unresponsiveness, 
while at short intervals facilitation brings about the response of 
additional motoneurones and so further complicates the picture. 
But in certain experiments where facilitation is brief and in¬ 
hibition absent, it is possible to conclude that the total duration 
of the refractory period is not more than i6cr [80]. In other 
experiments, there may be a relative unresponsiveness for as 
long as 30 cr, and this cannot be shown to be due to inhibition. 
Whether these cases are examples of a longer refractory period 
is uncertain. 

By another and indirect method, using antidromic impulses 
in the motor-nerve, it is possible to arrive at values for the 
duration of the refractory period of the reflex arc. The refrac¬ 
tory period following an antidromic impulse should be identical 
with that following a reflex discharge, for both travel over 
a similar path. The values which have been determined for 
the duration of the central refractory period following an 
antidromic impulse should, therefore, apply also to the central 
refractory period of the reflex arc. The value of 10 5 0 arrived at 
by the indirect method [74] for the total duration of the re¬ 
fractory period is in agreement with the results obtained by the 
direct method which shows it to be shorter than 16(7. But the 
unresponsiveness which lasts as long as 300- in that type of 
experiment receives no satisfactory explanation, and requires 
future investigation. 


(4i) 

THE EFFECT OF AN ANTIDROMIC VOLLEY ON THE 
CENTRAL EXCITATORY STATE 

The subliminal excitatory state in the reflex centres produced 
by one centripetal volley is revealed by the facilitation of the 
response to a second centripetal volley following the first at a 
short interval. In order to investigate the effect of an anti¬ 
dromic volley on the c.e.s., it must be timed so that it reaches the 
motoneurones after the production of c.e.s. by the first centri¬ 
petal volley and before the arrival of the second centripetal 
volley. Under such circumstances the facilitation of the re¬ 
sponse to the second volley is greatly diminished in almost all 
cases [74]. This diminution cannot be explained by the re¬ 
fractory period set up by the antidromic volley, for the second 
response is diminished even when. it follows the antidromic 
volley by an interval much longer than the duration of the 
refractory period. Therefore, when the antidromic volley 
reaches the motoneurones, it must inactivate some of the c.e.s. 
which has been set up by the first centripetal volley and which 
normally facilitates the response to the second volley. In all 
experiments a considerable inactivation of c.e.s. has been found. 
Some experiments are remarkable for the long duration of the 
c.e.s. produced by the first centripetal volley. When a long 
interval separates the two centripetal volleys in these experi¬ 
ments, the facilitation of the second volley is diminished only 
if the antidromic volley precedes it by a comparatively short 
interval. Now it seems likely from other observations that the 
impulses of the first centripetal volley do not reach the moto¬ 
neurones synchronously, but suffer considerable temporal dis¬ 
persion, e.g. from 5 a to 50 a. In consequence, if the antidromic 
volley reaches the motoneurones too soon after the foremost 
impulses of the first centripetal volley, there will still be delayed 
impulses arriving after the antidromic volley, and the c.e.s. set 
up by them will facilitate the response to the second centripetal 
volley. If, however, the antidromic volley arrives after the 
delayed excitatory impulses there will be no facilitation. Thus 
these apparently exceptional cases can be explained by assuming 
temporal dispersion of excitatory impulses. 

From histological considerations it is probable that an anti- 
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dromic impulse, after passing up a motor-nerve-fibre and reach¬ 
ing a motoneurone, traverses the surface of the motoneurone 
including its dendrites and its further travel is limited only at 
the numerous synapses bordering on the perikaryon and den¬ 
drites. The inactivation of c.e.s. by an antidromic impulse there¬ 
fore accords with the hypothesis that the formation of c.e.s. takes 
place at the synapses. 


AFTER-DISCHARGE 

A moderately strong break-shock applied to an ipselateral 
afferent nerve evokes, in many preparations, a reflex discharge 
which continues for many sigmata [8, io, 185, 186]. This pro¬ 
longed discharge is called ‘after-discharge’. It follows the initial 
reflex outburst and is due to the repeated responses of some 
motoneurones [185]. Therefore there must be a prolonged 
excitatory condition at some part of the central reflex pathway. 

Knowledge of the nature of this central condition is gained 
by observing the effect of an antidromic volley on after-dis¬ 
charge [63, 81]. Following the antidromic volley, there is a 
complete block of all after-discharge for a period varying from 
20 a to 60 a according to the intensity of the after-discharge, e.g. 
Fig. 17. A block of similar duration has also been found for the 
after-discharge which follows a tetanic flexor reflex. This 
period of 20-60 a is too long to be due to the refractory period 
set up by the antidromic volley, for that is only about 10-5 a in 
duration [74]. The inactivation of c.e.s. must be the cause of the 
long period of quiescence. The re-commencement of after-dis¬ 
charge following this period parallels the building-up of fresh c.e.s. 
after the inactivation of preformed c.e.s. by an antidromic volley. 
Therefore the reappearance of the after-discharge probably is 
due to the temporal dispersion of the excitatory impulses. 

The question now arises: Is all the after-discharge which 
normally occurs to be attributed to such delayed excitatory 
impulses? When a motoneurone discharges a centrifugal im¬ 
pulse, i.e. a reflex discharge, this impulse must traverse the 
same path as the antidromic impulse, but the direction of travel, 
for the most part, would be the reverse. If, as seems probable, 
the effect of the propagated disturbance on any part of the 
motoneurone does not depend on the direction of its travel, the 
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effect of a reflex discharge on a motoneurone should be indis¬ 
tinguishable from the effect of an antidromic impulse. It has 
already been concluded that an antidromic volley inactivates 
preformed c.e.s. y and so it is probable that a reflex discharge is 
also associated with a considerable inactivation of the c.e.s. of 



Fig. 17. Electrical e and mechanical m records of responses of tibialis 
anticus muscle set up as follows: 

(1) By a single break-shock to the posterior tibial nerve. 

(2) By a single break-shock to the posterior tibial nerve followed 19-8 a 
later by a single break-shock to the intact motor-nerve (peroneal). 

Time, 10 a. 

a motoneurone. Following that inactivation the c.e.s. has to be 
built up to threshold value before another discharge can occur. 
If this is so, repeated discharges of a motoneurone, i.e. after¬ 
discharge, can only occur when the formation of c.e.s. continues 
to take place, and this in turn must be due to the continued 
arrival of excitatory impulses. The ‘delay paths’ postulated by 
Forbes [89] are the probable source of the continuous bombard¬ 
ment of a motoneurone by excitatory impulses originating in a 
single centripetal volley. The delay may arise partly in the peri- 
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pheral pathway owing to some fibres conducting impulses at a 
faster rate than others, and partly in the spinal cord owing 
to delay at the synapses of internuncial neurones, and to the 
conduction time in some central paths being longer than in 
others [87]. Normally the after-discharges of individual moto- 
neurones are out-of-phase with one another—hence the almost 
uninterrupted sequence of small action-currents in the electrical 
response. If an antidromic volley affects each motoneurone 
exactly as if a reflex discharge had taken place, the result is 
equivalent to a momentary synchronization of the after-dis¬ 
charges of all the motoneurones, and there follows the quiescent 
period during which no after-discharge occurs. The duration 
of this period must be similar to the interval between the succes¬ 
sive discharges of those motoneurones whose after-discharge 
has the most rapid rhythm so that the duration of the quiescent 
period affords a measure of the most rapid rhythm of after¬ 
discharge. Rhythms of 20 to 50 per sec. are most commonly 
observed. 

Since the interval between two successive discharges of a 
motoneurone is the time taken in building up c.e.s. to threshold 
value, the frequency of rhythm of after-discharge at any instant 
is conditioned by the rate at which c.e.s. is being built up in that 
motoneurone. The interval between successive discharges is 
almost always longer than 10-5 a, which is the duration of the 
refractory period of a motoneurone, and so the recovery period 
of the excitability of a motoneurone after its discharge usually 
does not influence the interval before its next discharge. The 
rhythm of after-discharge of a motoneurone is conditioned by 
the rate of building-up of c.e.s. from excitatory impulses and not 
by the rate of recovery from its refractory period. 

It is to be noted that the present conceptions indicate that it 
is not possible to have a c.e.s. of supraliminal value, for, as soon 
as threshold is reached, a discharge will be set up with con¬ 
sequent disappearance of c.e.s. 

THE NATURE OF THE CENTRAL EXCITATORY STATE 

Central summation of excitatory effects is an experimental 
fact, and the term ‘central excitatory state’ has been used so far 
as a name for an enduring central excitatory process without 
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any implications as to its nature. There are some differences of 
opinion about the nature of c.e.s. The extreme views are per¬ 
haps represented as follows: 

1. That the electrical responses of successive nerve-impulses 
summate, on analogy with the ‘retention of action-current’ of 
crustacean nerve, or the negative after-potential of vertebrate 
nerve [94]. 

2. That each nerve-impulse produces a quantum of exciting 
agent, a chemical substance, which sums with other quanta 
formed at the same or neighbouring points by other impulses [95]. 

The disappearance of c.e.s. after an antidromic impulse shows 
that c.e.s. must at least be largely restricted to those parts of the 
motoneurone which are accessible to such an impulse, i.e. to 
the surface membrane of the perikaryon and dendrites, for, in 
analogy to peripheral nerve, the impulse should traverse the 
surface membrane of the motoneurone. It does not seem pos¬ 
sible that a chemical substance, such as is postulated in the 
second hypothesis, would be restricted to the surface membrane 
of the motoneurone or be inactivated by an antidromic impulse. 

In criticism of the first hypothesis it may be pointed out that 
the negative after-potential of vertebrate nerve is possibly an 
abnormal condition of excised peripheral nerve resulting from 
absence of blood-supply and fatigue, as is shown by its close 
relation to the supernormal phase [103]. Again, it is improbable 
that an antidromic impulse would diminish negative after¬ 
potential, but rather that it would add to the existing negative 
after-potential. There is another process in peripheral nerve 
which may give a clue to the nature of c.e.s., namely the local 
excitatory state [32, 124]. It is an excitatory process localized to 
the stimulated region of the excitable tissue, and it is capable of 
summation. Although very short in duration in peripheral nerve 
(about 1 a at most), it is longer in other excitable tissues, e.g. it 
has a duration of at least 8 a in heart-muscle. Moreover, the 
removal of local excitatory state at a point by the passage of a 
nerve-impulse is analogous to the disappearance of c.e.s. after an 
antidromic volley or a reflex discharge. Thus it seems likely the 
c.e.s. is a specialized manifestation of the local excitatory state 
[82, 186]. According to the membrane theory [19, 123] of nerve 
conduction the local excitatory state is a partial depolarization 
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of the membrane surrounding the axis cylinders of nerve-fibres. 
By analogy, c.e.s. is probably a depolarization of those parts of 
the surface membranes of motoneurones on which excitatory 
impulses impinge, i.e. the synaptic membranes. It has been 
stated that some summation of the c.e.s. is produced by ex¬ 
citatory impulses reaching different synapses of the same moto- 
neurone. The mechanism of this summation is not clear, but 
it must be remembered that the surface membrane of the moto- 
neurone is common to all its synapses, so that a change at any 
one synapse, e.g. due to the formation of c.e.s., could be ac¬ 
companied by changes at other synapses. 


IV 


THE STRETCH REFLEX 
[184] 

If the tendon of a healthy muscle is drawn upon by an antago¬ 
nistic muscle or by the manipulations of the investigator or by 
the movement of a joint in response to gravity, the muscle 
actively resists the extending force. A muscle which has been 
paralysed by section of its motor-nerve or of the ventral or 
dorsal roots supplying it, does not actively resist and behaves 
like a piece of non-contractile tissue such as skin. The muscle 
is flaccid. The resistance, however, from a muscle in full con¬ 
nexion with the nervous system is a reflex contraction, ‘the 
stretch reflex’. 1 The special feature of the reflex is that impulses 
from tension receptors within the muscle itself cause its develop¬ 
ment (proprioceptive reflex). In the unstretched muscle no 
centripetal impulses are set up by the tension receptors. An 
extending force to the tendon stretches the muscle and excites 
a discharge of impulses from the tension receptors. The 
frequency of discharge from a single receptor organ may be as 
high as 250 impulses a second [131]. 

It is probable that all tension receptors are not affected 
simultaneously by a small pull, but that increase of pull adds to 
the number of end-organs involved—‘recruitment’ at the 
periphery. As the pull progresses, those organs first affected 
become most affected and respond with the highest frequencies 
of discharge, while those which are more lately recruited respond 
with lower frequencies. 

Thus it comes about that as the tendon is pulled upon from 
a position of rest, the numerous tension receptors are recruited 
one after another and, each at different frequencies, send nerve- 
impulses through the dorsal roots of the spinal cord to those 
motoneurones which supply the muscle-fibres of this selfsame 
muscle. If only a few receptors are made active by the pull on 
the tendon, only a few motoneurones are. excited to discharge. 
If more receptors are affected, as by a stronger pull on the 

1 Or myotatic reflex = muscle: raro?, extended. 
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tendon, more motoneurones are excited and more muscle-fibres 
are activated in opposition to the increased pull. Thus the 
number of muscle-fibres responding to the pull is automatically 
regulated and controlled, pari passu, by the degree of tension on 
the tendon. 

The nature of the reflex response was first shown in the de¬ 
cerebrated animal. The exaggeration of postural ‘tone’ in this 



Fig. 18. Whole quadriceps. Muscular response M before, and after 
P cutting nerve to muscle, to stretch of 8 mm. T indicator of table-fall. 
Time in secs. Scales at side show (i) tension on the tendon, (ii) distance of 
table’s descent in mm. 

preparation makes it especially favourable for observation [i 19]. 
The tendon of the vasto-crureus muscle was attached to a 
rigidly held but delicate isometric myograph. All other muscles 
in that and the other leg had been paralysed by section of their 
nerves and the skin was also denervated or protected from 
extraneous stimuli. Underneath the myograph and separate from 
it was a table to which the femur was held by steel drills and on 
which the trunk of the preparation lay. The top of the table 
could be moved up and down under the myograph so as to 
slacken or pull on the tendon. The descent of the table-top was 
operated by an hydraulic plunger whose rate was easily con¬ 
trolled. The rates and extent of the descent corresponded with 
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natural movements of the knee-joint. When the table descended, 
the myograph traced a convex curve, i.e. the increment of 
tension per mm. fall of the table-top became less as the extent 
of the stretch increased (Fig. 18). This convexity alone suggested 
some tension added by reflex action over and above that pro¬ 
duced by the dead stretch of the tendon and muscle. The exact 
amount of the reflexly added tension was seen when the muscle 
was paralysed by cutting its nerve and the table-top was 
allowed to descend once again and pull on the tendon. The 
tension in the myogram was much less and the curve concave. 



Fig. 19. Whole quadriceps, deafferented 112 days. Comparison of 
deafferented D and paralytic P (by nerve section) muscle to two comparable 
5 mm. stretches, d applied to deafferented muscle, p to paralysed muscle. 
Time in secs. 

This concave curve is the tension-curve of a denervated or 
excised muscle and is the response of passive muscle. If centri¬ 
petal impulses from the tendon organs are interrupted by 
section of the dorsal spinal roots (‘deafferentation’), the be¬ 
haviour of the muscle resembles that of an excised muscle 
(Fig. 19). 1 Again, activity of the reflex centres of the muscle is 
prevented by stimulation of any nerve which evokes the flexor 
reflex in that limb, i.e. if the centres are inhibited, traction on 
the tendon evokes only a passive response—the reflex contrac¬ 
tion is abolished (Fig. 20). This last method has the advantage 
of not doing irreparable damage like section of the motor-nerve 
or dorsal roots, arid can be repeated time and again. 

When the knee of an intact animal is straightened and the leg 
extended, the tendons of the flexor muscles in the thigh are 

1 This is certainly true so far as response to stretch is concerned. Never¬ 
theless, the muscles of some preparations do show phasic or maintained con¬ 
traction after section of the dorsal roots. In these cases, the exciting 
impulses come from higher centres, e.g. labyrinth, thalamus, or cerebral 
cortex, or travel by other and intact afferent nerves from the periphery of 
the body to the motor centres. 
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drawn upon and the flexor muscles are lengthened. So when 
the stretch reflex of the knee-extensor is elicited in a prepared 
animal, and the tendons of antagonistic flexor muscles are drawn 
upon during this time, the stretch reflex is inhibited, often com¬ 
pletely (Fig. 21; cf. Fig. 36, p. 71). This method of inhibition 
is beyond criticism which can be levelled at wholesale electrical 
stimulation of fibres of different function in a cutaneous or 
mixed nerve [120]. 



Fig. 20. Rectus femoris 8 mm. stretch T. Reaction of uninhibited muscle 
My of reflexly inhibited muscle /, and of paralysed (by nerve section) muscle 
P (broken line). The inhibition began before and continued during the whole 
record. T indicator of table fall. 

When the tendon of a muscle is drawn upon very suddenly as, 
for instance, by a tap at some point where it is not supported by 
underlying bone, e.g. the patellar tendon as it passes over the 
knee-joint or the tendo Achillis at the ankle, a number of tension 
receptors are subjected to a sudden brief stretch, so that they 
send to the cord an almost synchronous volley of nerve-impulses, 
which, by summation of central effect c.e.s., excite a number of 
motoneurones to discharge. The outcome is a tendon-jerk of 
which the knee-jerk is the most familiar example (Fig. 22). 
Tendon-jerks are regarded as the ‘phasic reaction’ of the stretch 
reflex, whereas the slower and longer continued pull of the tendon 
evokes, by continued excitation from the same reflex path, the 
‘static reaction’ of the stretch reflex. 

The smallest stretch of a tendon which is adequate to elicit 
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a tendon-jerk is not known accurately but, in a muscle of which 
the fibres have an average length of 40 mm., a sudden incre¬ 
mental stretch from a tap of less than 1 op. evokes a jerk [66]. 1 The 
latent period of the stretch organ in the muscle in response to 
a sudden increment of stretch is very brief, probably about 1-2 <j. 
The latent period of the stretch reflex, as such, in response to 
a slow increment, has only an artificial interest since, as explained 
above, the rate of stretching determines the rate of discharge 
from individual organs and the degree of stretching determines 
the number of organs excited. The latent period of the knee- 
jerk is so short that for many years there was some doubt about 



Fig. 21. Response of quadriceps to stretch T of 4 mm., before M, and 
after P severance of its nerve. During the response M, a stretch of semitendi- 
nosus begins approximately at S, followed by a stretch of biceps at B. 


its being a reflex [111]. Even now that the demur has been shown 
to be groundless, the rate of conduction of nerve-impulses being 
much higher than was then thought, e.g. as high as 80 metres 
a second, 2 it is still evident that the pathway in the cord must be 
direct and the passage very brief. While the tendon-jerk is one 
of the last to disappear in anaesthesia and circulatory collapse, 
the static stretch reflex fails much sooner. The reason for this 
is not altogether clear. The difference may be due to less 
intense (because more asynchronous) summation at the synapses 
in the static reflex. 


1 This figure may be compared with the smallness of movements at joints 
which is perceived by consciousness (Goldscheider [162]). 

2 60—90 metres a second in efferent [20, 84, 85, 87], probably at least 50 
metres a second in afferent fibres. 
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The nervous arc in this reflex is short, as explained above. 
The path through the cord is confined to a small number of 
segments, for the efferent fibres of the muscles are segmentally 
similar to the afferent fibres. Both the phasic and static reactions 
can be elicited from leg muscles when the lumbar region of the 
cord has been isolated from the midbrain and higher centres. 
The phasic reaction (knee-jerk) is more resistant to interference, 
for it can be elicited from one of the lower types of laboratory 
animal, such as the dog or cat, within a few minutes or even 
moments after the severance of the cord from higher centres. 
In many species of monkeys the jerk commonly does not return 
for several hours or days, although rarely it does not disappear at 
all. In man, slight evidence of the jerk can be detected after two 
or three weeks [ioi, 108, 147]- Even in the lower animals, 
however, the postural reaction is absent for a much longer time, 
as evidenced by the limpness and flaccidity of the hind-quarters 
which is the cardinal sign in the condition of ‘spinal shock’. In 
the dog, after two or three weeks, the shock passes off and the 
muscles reacquire resistance to stretch. That is, the stretch 
reflex returns and, with lapse of time, becomes quite evident, at 
least at the ankle. At length, the limb becomes stiff from 
hypertonia’ of the extensor muscles. Their state comes to 
resemble that ensuing when the brain-stem has been divided 
in the quadrigeminal region, ‘decerebrate rigidity’ [67]. 

Action-currents of muscles in the stretch reflex. 

It is not difficult to examine the action-currents of muscles, 
and in man they can be observed by plunging a small hypo¬ 
dermic needle with an insulated core through the skin into the 
muscle [10]. Such an electrode leads off the action-currents from 
a restricted group of muscle-fibres. If at first the muscle is at 
absolute rest there will be no action-currents. On passive 
extension of the muscle whereby the stretch reflex is elicited, 
small action-currents begin at a rate of 10-25 P er sec. 

Lower figures, e.g. 7-20, represent the actual rate of firing of the 
motor units engaged at that particular tension, while higher rates, 
e.g. 20—25, ne ed not be due entirely to an actual increase of rate of 
firing of each unit but partly to asynchronism between different units 
giving rise to an apparent increase in rate. But as the tension on the 
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tendon increases, the actual rate of discharge of any given unit 
increases, and at the same time, owing to peripheral recruitment of 
tension receptors asynchronism comes more into evidence, so that 
eventually apparent rates of 200-250 per sec. can be recorded, 
although the actual rate of any one unit is even then much slower, 
e.g. 30-40. 

This experiment has its counterpart in the laboratory animal 
when a muscle showing decerebrate rigidity is slightly extended. 
The familiar small irregular action-currents appear [43, 72]. 
When the extension is increased, either in the human subject or 
in the preparation, the number of vibrations increases, but the 
striking change is an increase in the summed potential of the 
action-currents, since many more units are recruited into the reflex 
and each fresh unit adds its quota of action-current (Fig. 24). 
This summing of action-current potential continues as long as 
the muscle is extended. The action-currents, therefore, of 
natural muscular movements, whether voluntary or propriocep¬ 
tive, show as irregular oscillations, provided that the recording 
instrument is recording from a number of fibres. The oscilla¬ 
tions are irregular because the muscle-fibres contract asyn¬ 
chronously. The amplitude of the vibrations is some guide to 
the number of muscle-fibres which are active, but because of 
their asynchronism they are an unreliable guide to the rate of 
discharge of spinal centres. ‘Voluntary contraction in man is 
maintained by a series of nerve-impulses which range from 
5 to 50 or more per sec. in each nerve-fibre.’ When the cerebral 
motor cortex is stimulated artificially, the discharge can then 
be driven to a rate as high as 120 per sec. [54]. 

In the stretch reflex asynchronism is much in evidence, 
especially if silver pins are used in the experiment, for these 
being conductors throughout their length lead off action- 
currents from all the fibres with which they are in contact. 
But the asynchronism can be reduced by diminishing the 
number of motor units. This is achieved by cutting some of 
the ventral spinal roots. If this is cautiously continued, step 
by step, in the final stage the string gives small discrete regular 
vibrations about 7-20 times per sec. when the stretch on the 
tendon is slight [10, 63]. This is the rate of discharge of a single 
motoneurone. So long as the tension on the tendon is slight, 
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such a muscle as M. soleus in the cat shows this rate even if 
more than one motoneurone has been spared in the root section. 
But if the tension be increased a little, another unit may be 
brought into action, perhaps at some rate like 8 or 9 per sec. 
A double series of action-currents registers this change and the 
individual waves of each series pass and repass one another 
(Fig. 25). Even without section of ventral roots, M. soleus of the 
cat is a favourable muscle for observing the rate of discharge 
of single motoneurones [63]. When the tendon is slightly 
drawn upon, the only activity may be the discharge of a single 
motoneurone, 7-8 times per sec. On drawing the tendon some¬ 
what farther, more motoneurones are recruited and within 
0-05 sec. the record shows again the small irregular vibrations. 
With relaxation of the tendon, the irregular rhythm subsides 
until three, two, and finally one regular series of waves is 
visible. 

The sum total of spinal discharge in a stretched muscle is 
asynchronous because the centripetal impulses are already 
asynchronous before they reach the centre and so the centrifugal 
impulses are, a fortiori, more asynchronous. 

If a single unit in a decerebrated preparation is firing at a 
certain rate, hastening or slowing of the discharge can be brought 
about by altering the position of the head. We see here, in fact, 
an elemental aspect of the control of posture by the reflexes 
from the labyrinth and neck muscles. With the snout turned 
toward the side to which the muscle belongs, the rate of dis¬ 
charge is increased by this ‘maximum’ position. When the 
snout is turned away from the muscle, the rate is diminished— 
minimum position [65]. 

Lengthening and shortening reactions in postural muscle. 

If an attempt be made to bend the knee or ankle of a decere¬ 
brated animal or of an animal with an isolated spinal cord 
(‘chronic spinal’ animal),one’s hand meets resistance from those 
muscles which extend the joint. The attempt is, in fact, causing 
a further accentuation of the stretch reflex in muscles which are 
already highly responsive to stretching. If the attempt to flex 
the joint is maintained, there comes a point and time at which 
the muscle suddenly gives way and allows any degree of flexion 
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to be imposed upon it (‘clasp-knife’ effect). This is the ‘lengthen¬ 
ing reaction’ [177], and it marks the partial or total abolition of 
the stretch reflex. If the knee-extensor, vasto-crureus, be sub¬ 
jected to an extension of 3 mm., i.e. about 2 per cent, increase 
in length, the stretch reflex so elicited maintains itself un¬ 
changed for half an hour or longer. But if the extension is 7 mm., 
the stretch reflex will then subside entirely in five or ten 
minutes. The nervous mechanism concerned may well be 
operated by the cumulative inhibitory effect from the strong 
motor discharge. The course of events is probably as follows. 
One must suppose that the centres receive impulses from the 
tension receptors and they respond by evoking the stretch reflex. 
During the stretch reflex, however, certain other end-organs 
send inhibitory impulses to the centre but they are relatively 
infrequent and asynchronous, in contrast to the excitatory. The 
central excitatory state, therefore, is not diminished perceptibly 
until a stage when the tension is considerable and possibly 
dangerous. At that stage the inhibitory impulses gain ascen¬ 
dancy and the muscle relaxes. Now any inhibition of the reflex 
centre of the extensor muscle in one leg has its counterpart in 
excitation of the extensor muscle of the other leg (Principle of 
Reciprocal Innervation). With autogenetic inhibition of the 
forcibly flexed knee-extensor (the ‘lengthening reaction’) there 
ensues excitation of the opposite knee-extensor. This latter is 
Philippson’s reflex [137, 177]. 

A muscle which shows the lengthening reaction shows also 
the shortening reaction [177]. Thus, if the ends of the muscle 
are approximated, the muscle is slackened, but only momen¬ 
tarily, for it quickly adjusts its length and ‘stays put’, so holding 
the limb at the angle imposed, by developing a sufficient static 
tension. It seems probable that here the relief of tension during 
the execution of the ‘shortening’ lessens the autogenous reflex 
excitation for the time being, but this sets in again on cessation 
of that relief. 

Activity of the stretch organ. Autogenetic inhibition. 

The electrogram of a muscle during elicitation of the tendon- 
jerk reveals a large single deviation which in actual time just 
precedes the upstroke of the myogram (Fig. 22). When this has 
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subsided, the electrogram becomes absolutely motionless for 
a considerable period during which the myogram attains its 
plateau and begins to subside [62, 98]. During the subsidence, 
rapid movements begin again in the electrogram. The cause of 
this ‘silent period’ in the electrogram was believed at one time to 
be due entirely to reflex inhibition from some inhibitory organ 
within the muscle. It has been shown, however, with a peri¬ 
pheral nerve-muscle preparation in the frog that, during the 
rising phase of a muscle twitch, there is cessation of electrical 
discharge which is believed to be due to slackening the strain of 
tendon-pull on the non-contracting muscle-spindle [98, 132]. 
This cessation continues as long as the spindle is relieved of 
strain. Fig. 23 shows the effect in a mammalian tension 
receptor. 

When frog’s muscle is strongly excited, so that the intrafusal fibres 
themselves contract as well as the ordinary muscle-fibres, the spindle 
is under strain throughout the process and discharges all the time 
without the supervention of a silent period [132]. 

It is therefore unnecessary to postulate any but a peripheral 
mechanism for the silent period. 

Although the silent period itself need not be due to inhibition, 
there is good evidence of inhibition in and from a muscle in 
reflex activity during a single-volley reflex like a tendon-jerk. 
The muscle itself in the knee-jerk (vasto-crureus) shows a silent 
period, but at the same time distant muscles like gastrocnemius 
have also in their electrogram a silent period which is certainly 
reflex in origin [62]. Moreover, when the tendon of soleus 
(extensor) is tapped, the tibialis anticus (flexor) receives a 
reflex excitatory volley during the silent period of the soleus 
jerk. 

One may conclude, therefore, that reflex inhibition occurs 
during the silent period. 1 Other extensors are thereby inhibited 
while flexors are excited, in accordance with the Principle of 
Reciprocal Innervation. 

The lengthening reaction has already been cited as evidence 
for autogenetic inhibition. 

1 The ‘central refractory period’, to give the phenomenon an earlier 
name [63], must overlap with the silent period of a reflex like the knee-jerk. 
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Fig. 22. M. Gastrocnemius. Decerebrate preparation. Two 
tendon-jerks during slight reflex. Taps on tendon show as 
sharp peaks in myogram. Note well marked hump in second 
jerk. In the electrogram, the ‘silent period’ after the jerk is to 
he compared with Fig. 23. Time, 01 sec. 
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Fig. 23. Pause in electrical response (E) of one stretch receptor, 
in Peroneus longus of cat, during a motor twitch. Recorded 
with amplifier and oscillograph from electrodes on nerve just 
above a cut which severed all sensory fibres but one. 

(AI.) Myograph record, initial tension 30 grms. Time, o-i sec. 
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Fig. 24. M. Soleus. Decerebrate preparation. Stretch reflex 
from gradual lengthening of muscle (thin unsteady line S, rise 
of stretch indicator), followed by sudden release. Time, small 
divisions, 20 a. Note in electrical record the discrete firing of 
units before and after the stretch, and the asynchronous con¬ 
fusion of firing during the stretch reflex. Immediately after the 
release the firing misses a beat. 
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Fig. 25. M. Soleus. Decerebrate preparation. There is a small steady stretch 
in the muscle. One unit («) fires 7 times a second, another unit ( b ) fires 5 to 
5*5 times a second. Time, o-i sec. 
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Fig. 27. M. Soleus. Decerebrate preparation. One unit in rhythmic discharge 
and interrupted by a light tendon-tap (sharp mechanical deflection) which 
causes a tendon-jerk. Following the large wave of the jerk (a single wave in 
many units) the original unit, after a silent period, begins beating at an 
accelerated rate which is maintained until the end of the plate. Time, 0*1 sec. 
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hiG.30. M. Quadriceps. Decerebrate preparation. A slight stretch, previously 
applied, produces an obscured clonus. It is less obscured in the electrogram 
than in the myogram. A tendon-jerk is then elicited after which there follows 
a well-defined clonic after-discharge. Time, 20 a 
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‘Red ’ and ‘white' muscle [64]. 

In a laboratory animal like the rabbit or cat, the naked eye 
readily distinguishes two kinds of muscle—‘red’ and ‘white’. 
This difference has long excited speculation. Early histologists 
noted these variations and observed that, in the rabbit, they 
could be correlated with differences in contraction. Some 
muscles of the rabbit such as soleus, semitendirosus and 
crureus are brick-red in colour, while most of the others are 
colourless and translucent. Ranvier showed that the red 
muscles contract more slowly than pale, and differ micro¬ 
scopically in being composed of granular fibres with more 
sarcoplasm and a marked longitudinal striation. Griitzner, finding 
that the muscles of higher animals were composed of a mixture 
of granular and non-granular fibres, considered that these two 
types were intermingled in each muscle with a corresponding 
combination of function. It is now known, however, that the 
muscles of the cat, dog, and monkey are separable into two 
groups, as in the rabbit. The two groups in these animals still 
retain differences in the speed of contraction, although the dif¬ 
ference in colour is only slight in the cat and dog, and evident 
only as a slightly dusky shade in man and the monkey. Further¬ 
more, in all kinds of animals there is a general difference between 
the histological appearance of the slowly contracting fibres and 
the rapid fibres, namely that all slowly contracting fibres can 
store lipoid in the form of liposomes and become granular in 
appearance, while few rapid fibres have this property. In an 
emaciated animal all histological differences disappear, but the 
differences in contraction remain. Of the macroscopic criteria, 
opacity disappears with emaciation. 

Red pigmentation is not inseparably connected with slow 
contraction, for it is found sometimes without corresponding 
slowness, e.g. pectoralis of the pigeon, and it may be absent 
from some slow muscles in higher mammals. Redness of 
muscles, when it occurs as in the cat, develops at a later stage 
of growth than the speed differences. There is, therefore, no 
absolute histological criterion of the speed of contraction of 
mammalian muscle. 

It may be convenient to summarize the characteristics of 
muscle [64]: 
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THE STRETCH REFLEX 



‘Slow’ muscle. 

‘Red.’ 

‘Rapid’ muscle. 
‘Pale.’ 

Myogram 

Slow contraction and 
relaxation, e.g. ioo- 
120 a to the summit of 
the motor twitch (cat) 

Rapid contraction and 
relaxation, e.g. 30-400 
to the summit of the 
motor twitch (cat) 

Electrogram 

Slow action-current Quick action-current 

Colour when washed 
free of blood 

Opaque red in rabbit, 
cat, and dog. Opaque 
and darker in fish and 
monkey. Opaque red 
in man 

Translucent and colour¬ 
less in rabbit, fish, and 
monkey. Less opaque 
red in cat and dog. 
Opaque red in man 

Unstained fibre in 
cross-section (parallel, 
but less marked dif¬ 
ferences with ordin¬ 
ary stains) 

Opaque . and large in 
normal mammalia. 

Opaque and small 
in fish (ray) 

Clear and smaller aver¬ 
age size in rabbit. A 
mixture of clear and 
opaque fibres of sizes 
averaging the same as 
slow muscles in cat, 
dog, monkey, and man. 
Clear and large in fish 
(ray) 

After staining with 
Sudan III or Schar- 
lach R 

In both types, opacity seen to be due to granules 
of lipoid nature 

Variation with nutri¬ 
tion 

Every fibre has stored 
liposomes in a fat ani- 
.mal. Every fibre has 
become large in a large 
animal. Fibres clear in 
emaciation 

A very few fibres can be¬ 
come loaded with lipo¬ 
somes, but these fibres 
do not become large. 
Most fibres can vary in 
size, but do not store 
liposomes. Fibres clear 
in emaciation 

Sarcoplasm 

Abundant in rabbit and 
bat 

More scanty in rabbit. 
Abundant in fish and 
the rapid muscles of 
some insects 


As a general rule the chief extensor muscles of all mammals 
possess a deep, slowly contracting component and a superficial 
rapid component, for example, soleus (slow) and gastrocnemius 
(rapid) in the ankle-extensors, crureus (slow) and vastus lateralis 
(rapid) in the knee-extensors, the medial short head of triceps 
(slow) and the lateral short head of triceps (rapid) in the elbow- 
extensor, and the deep head of supraspinatus (slow) and the 
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superficial head (rapid) in the shoulder-extensor. Fibres of 
approximately equal contraction speed are thus collected as 
separate muscles, or ‘heads’ in the terminology of the anatomist. 
The flexor muscles as a rule are of the rapidly contracting 
variety. (Semitendinosus of the rabbit, the classical slow 
muscle of Ranvier, is really semimembranosus, a knee- and hip- 
extensor. In the dog, there is no muscle distinguishable anatomi¬ 
cally as soleus.) 

Early investigators postulated a dual mechanism for muscular 
contraction, slowly contracting muscles for tonic sustained con- 
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Fig. 26. The reflex effect of the labyrinthine and neck reflexes on red and 
pale muscle. Preparation with section of brain-stem slightly anterior to 
superior colliculi. M. triceps, short lateral head (pale), doubly-traced line, 
short medial head (red), single line. Neck dorsiflexed at f and ventriflexed 
at 'J' • Labyrinth in intermediate position in each neck posture. 

traction and rapidly contracting muscles for phasic contractions. 
Recent investigations [63] have shown that there is a certain 
degree of truth in this hypothesis, for the slower muscles are, in 
fact, those in which the stretch reflex is most easily provoked and 
as will be seen later, the rapidly contracting muscles are those 
which take the earliest and greatest part in reflexes which involve 
rapid contraction. The greater readiness of slow muscles to 
respond to stretch is seen often in acute spinal transection, for 
they respond then, when the white component is in complete 
abeyance. Since the labyrinthine and neck reflexes exert their 
effect mainly upon the stretch reflex, it is not surprising to find 
‘red’ muscle is distinguished for its readier response to the control 
from the labyrinth and neck, the latent period of‘red’ muscle being 
less and its tension greater than that of ‘white’ muscle (Fig. 26). 
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THE STRETCH REFLEX 
Red muscles, therefore, contain the focus of the stretch reflex, 
a bulk of effectors of low threshold, while pale muscles contain 
stretch-reflex effectors of medium and high threshold and are 
devoted rather to kinetic reflexes. But both types of muscle are 
potentially involved in all reflexes and the difference between 
them is only relative, expressed in terms of threshold of spinal 
excitation [17, 36, 62, 64, 65, 99, 140]. 

In view of the fact that in the newborn animal all muscles 
are slow in contraction and that in the course of development 
the rapid muscles gradually acquire a greater speed in the whole 
contraction process [64], it would seem logical to suppose that 
the existence of these two types depends simply on differentia¬ 
tion of speed in contraction in those muscles which take most 
part in rapid reflexes where economy of energy is not a con¬ 
siderable factor. 

‘ Rebound ’ in the stretch reflex. 

When an inhibitory stimulus is applied by a single break- 
shock or otherwise, the discharge of a single motor unit is 
brought to a temporary standstill and is then accelerated. This 
acceleration of the discharge of impulses is a simple ex¬ 
pression of ‘rebound’. After it, the normal rate is resumed 
[63] (Fig. 27). 1 

The rebound is very striking after the silent period which 
follows a tendon-jerk [62], where the elevation in the myogram 
may be so evident as to deserve the name of ‘hump’ (Fig. 28). 



Fig. 28. Vasto-crureus in decerebrate preparation. Time, 0-2 sec. 

In a perfectly quiescent preparation in which the continuous 
pull on the tendon is so slight that no units discharge, rebound 
after a tap may show itself as a transient outburst from one or 
two units. 

1 The relation of acceleration of tension organ discharge (Fig. 23) to 
reflex acceleration has not yet been examined. 
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Clonus. 

When the stretch reflex is elicited in a favourable decerebrate 
preparation, it sometimes happens that the discharge of the 
motor units loses its asynchronous character and becomes syn¬ 
chronous. This synchronism may be initiated by a tap on the 
tendon, after which the volleys get ‘into step’ when the silent 
period is over and so continue. The myogram is then no longer 
smooth but shows an unfused series of small waves at regular in¬ 
tervals. Thistremor in the muscle is ‘clonus’ (Fig. 29) [203]. We 
have given reasons for believing that the silent period, although 
not itself entirely an inhibition, may be contemporaneous with a 

j \M I 1 1 11 1 11 11 l I I 1 I 11 I I I 1 1 I 11 I 111 I 111 I 111 ill l 11 1 1 11 1 1 

mAAAA^/VWVWWV 

Fig. 29. Clonic response of quadriceps at 13 a second, elicited by attaching 
the muscle to an isotonic lever weighted by 1 kg. Time, 0*02 sec.' 

period of central inhibition. After any inhibition, rebound may 
occur. Here,the rebound contraction is the ‘hump’, which, when 
favoured by experimental conditions, is so exaggerated that it 
becomes as large as the jerk which gave it origin (Fig. 30). The 
continued rebound is clonus. Each wavelet of contraction is a 
rebound from a preceding inhibition or an excitation breaking 
through an inhibition, and so clonus represents a series of jerks 
evolved by the continued activity of an alternately self-exciting 
and self-inhibiting mechanism [63]. 

The effect of the sympathetic system. 

The sympathetic nerve-supply to muscles is very slender. 
Whatever the function of that supply may be, it is not essen¬ 
tially concerned with the stretch reflex, at any rate, in cats and 
dogs, for cutting, degeneration, or stimulation of the sympa¬ 
thetic nerve to the muscle fail to produce qualitative change in 
the stretch reflex [63]. Some investigators believe that the 
sympathetic prevents peripheral fatigue [46, 114, 129,134, 146]. 
After removal of the sympathetic in cats, there appears to be a 
change in the responsiveness of proprioceptive organs, possibly 


62 THE STRETCH REFLEX 

from vascular alterations [138, 139], and quantitative changes 

ensue in the reflex. 

Blood-supply in postural muscle. 

The stretch reflex provides clear evidence of agreement with 
the rule that capillaries in active muscle are dilated. Only a 
modest amount of pull on the tendon of a ‘red’ muscle will open 
up numerous capillaries and hasten the flow of blood in all of 
them to a remarkable extent. The phenomenon can easily be 
observed on the surface of M. soleus by using a low-power 
microscope and oblique illumination of the surface of the 
muscle [63]. Thus postural muscle receives an adequate 
supply of blood for the performance of its function. 
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REFLEXES IN EXTENSOR MUSCLES OTHER 
THAN POSTURAL REFLEXES 

i. THE REFLEX OF CROSSED EXTENSION [117, 118, 140] 

In myographic examination (Fig. 31) the characteristics of 
activity are 

(i) long and variable latent period; 

(ii) slow increase in tension. The rise to the plateau is often 
in two steps, i.e. sigmoid; 

(iii) long after-discharge and slow decline. 

i. The length of the latent period accords with the ensuing 
features. One single stimulus indeed may not be sufficient by 
itself to evoke a reflex. Only after repeating the stimulus does 
the reflex begin. Two distinct processes are concerned in this 
delay. The first is inevitable and characteristic of any trans¬ 
mission of physiological excitation—the conduction time. The 
second process occupies the summation period, which is due to 
synaptic delay through at least two series of synapses. During it, 
by the repetition of stimuli, the central excitatory state is raised 
from subliminal to liminal value. In this reflex, summation 
(‘addition latente’ [24, 115, 189]) is well marked and is typical. 
Its duration is extremely variable. This inertia in the march of 
events originates in the reflex centres, for direct stimulation of 
the motor-nerve throws the muscle into contraction (Fig. 32) 
which differs only in small respects from the motor response 
of a flexor muscle (Fig. 10, a). 

So from the outset it is clear that the reflex centres impose 
greater modification on the response in the crossed extensor 
reflex than in the flexor reflex. It is believed that an inter- 
nuncial neurone is always involved. 

ii. Even when elicited, the reflex develops its sigmoid ascent 
so gradually that a period may elapse ten to twenty times longer 
than in the motor-nerve tetanus before the plateau is reached. 
In other words, fresh motoneurones are ‘recruited’ into the 
sphere of action. The ascent of the myogram is due not only to 
fusion of successive contraction-waves within the individual 
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fibres of the muscle (‘wave-summation’), but also to the succes¬ 
sive ‘recruitment’ of fresh motor units in the nerve-centres. 
The long gradual development of contraction-tension contrasts 
against the tension-rise at the opening of the flexor reflex 
(Fig. io) or of any motor-nerve tetanus (Fig. 32). 
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Fig. 31. ‘Crossed Extensor’ reflex elicited in vasto-crureus by stimulation 
of the contralateral sciatic nerve. M myogram; m onset of stimulus ; in end 
of stimulus. Time, o-i sec. Stim. freq. = 38 per sec. 
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Fig. 32. Motor response from the knee-extensor by stimulation of its nerve. 

Time, o*2 sec. Stim. freq. = 38 per sec. Lettering as in Fig. 31. 

Further differences between this reflex and the flexor reflex 
are the greater smothering of stimulus-rhythm [116] and better 
maintenance of plateau level. Even when the rate of stimulation 
is quite low, fifteen or less a second, there may be little trace of 
rhythm in the myogram of the reflex, especially at the plateau 
(Fig- 33 )- Accompanying this smothering and related to it is 
found the presence in the electrical record of a number of small 
secondary waves between the large primary ones. The primary 
waves correspond to the rhythm of series of break-shocks which 










ACTION CURRENTS OF THE CROSSED EXTENSOR REFLEX 65 
constitute the stimulus. The small or secondary waves denote 
asynchronous action currents in the muscle. Some of this 
asynchronism may be due to genuine asynchronous discharge' 
of different groups of motoneurones. In other words, although 
the majority of motoneurones discharge almost together and 
produce the large primary waves in the electrogram, some 
motoneurones are out of step and discharge at varying intervals 
after the main group giving rise to smaller or secondary waves. 
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Fig. 33. Reflex response m of knee-extensor from stimulation of a contra¬ 
lateral nerve. Stim. freq. = 14 per sec. Time, 0*02 sec. The primary waves 
of the electrogram e are marked by dots. 

But there is another cause for the asynchronism of the action 
currents. If any one motoneurone discharges more than once 
after a single stimulus, it will produce secondary waves in the 
electrical record as often as it discharges. This repetitive dis¬ 
charge is, of course, ‘after-discharge’. 1 There is other evidence 
of considerable central after-discharge in the crossed extensor 
reflex [178], and so it must be concluded that the confused 
after-discharges of active motoneurones play a large part in 
the asynchronism of the electrogram. The secondary waves 
increase pari passu with recruitment and are more evident in 
the plateau than in the ascent [50, 97]. 

The propriety of dividing action-currents into ‘primary’ and 
‘secondary’ waves when asynchronism is the cause of the difference 
may well be called into question. The present terminology is not 
adequate. 

In flexor reflexes, secondary waves are probably entirely due to 
central after-discharge. 1 

iii. When recruitment is evoked by a stimulus of greater 

1 See footnote, p. 66. 
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frequency than twenty a second, the primary waves become less 
distinct because they are masked by secondary waves. This may 
happen also at the end of a long stimulation, even at a slow rate, 
for the secondary waves may be so well developed and frequent 
that the primary waves cannot be distinguished. When stimula¬ 
tion ceases, the reflex may continue undiminished sometimes 
for as long as a second before there begins a slow decline, 
indicating the gradual cessation of neurone-discharge. For 
what reason does the reflex thus continue undiminished for a 
time after the end of the stimulus ? Two factors are concerned: 
(i) ‘In the muscle with its afferent nerve intact a proprioceptive 
autogenous reflex adds itself to the reflex caused by the intrinsic 
afferents’ [177]; (ii) ‘There is also the “after-discharge” greater 
with stronger stimuli than weaker and referable directly to the 
externally stimulated extrinsic reflex arc.’ This latter is not 
abrogated by deafferentation of the muscle. In part, therefore, 
the non-subsidence is due to there being a plateau of ‘true’, 
‘central’, or ‘repetitive’ after-discharge. For example, a stimulus 
lasting five seconds elicited a response in a deafferented muscle 
with a plateau after-discharge lasting 0-2 second [97]. This after¬ 
discharge must be of central and not of peripheral origin. In 
part also the non-subsidence is due to the imperceptible blend¬ 
ing into the plateau of a stretch reflex which ‘takes over’ from 
the crossed extensor reflex (‘tonic appendage’). 1 The stretch 
reflex disappears after deafferentation. If a preparation be 
used with marked decerebrate rigidity, i.e. with marked tonic 
after-discharge to the crossed extensor reflex, there will be little 
or no decline in the tension of the crossed reflex when the 
stimulus is intermitted for a short time. For instance in Fig. 34. 
the tension is maintained by the tonic appendage as well as by 
repetitive after-discharge. If the muscle is then deafferented, 
the tonic appendage is abolished and the fall in tension occurs 
earlier and more rapidly. 

, These two features summed together can be called without prejudice 
after-action’. Although no precise definition exists of ‘after-discharge’ or 
after-action’, it would seem better to restrict the term ‘after-discharge’ to 
true or central after-discharge, i.e. the repetitive after-discharge of nerve- 
centres after the first response of the centres to each stimulating shock, 
lrue alter-discharge is summed in this reflex with the ‘tonic’, ‘postural’ 
or myotatic appendage. 
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This cutting of the afferent spinal roots of a muscle throws 
light on the function of muscular proprioceptors, as well as 
simplifying the problem of investigation. At the outset, the 
latent period is sometimes longer in the deafferented muscle. 
Two reasons are possible: (1) in acute preparations, trauma 
from the operation of deafferentation which appears as an 
inhibition; (2) prolongation of the summation period because 
there is no adjuvant stretch reflex. The latency once over, the 
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Fig. 34. Reflex response of knee-extensor from stimulation of a contra¬ 
lateral nerve. In the upper tracing the stimulation is continuous but in the 
lower tracing there is a lapse of 4-5 successive stimuli between m' and n '. 
w, onset of stimulus. n, end of stimulus. Stim. freq., 48 per sec. Timeo*isec. 

contraction of the deafferented muscle develops with an abrupt 
rise different from the recruiting opening of the non-deafferented 
muscle, ‘as though its momentum were less controlled than in 
the normal’ [177], Fig. 35. In agreement with the myogram, the 
electrogram of the deafferented muscle is remarkable for the 
earlier appearance, greater frequency, and greater amplitude of 
secondary waves than in the non-deafferented muscle. 

In some preparations, especially those in which there is only 
a small proportion of summed after-action due to the tonic 
element, there may be actual prolongation of after-discharge 
following deafferentation. Since the operation abolishes the 
tonic appendage, the prolongation can only be due to a 
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lengthening of repetitive after-discharge (‘central’ after¬ 
discharge). 

These features point to a release of the motor centres from 
some inhibitory influence. It seems probable that some of the 
characteristics of the extensor reflex are only accessory and can 
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Fig. 35. Reflex response m of knee-extensor from stimulation of a contra- 
lateral nerve. Upper tracing, before severing dorsal roots. Lower tracing, 
two hours after cutting dorsal-root supply of muscle. Same conditions of 
stimulation throughout. Before deafferentation, the primary waves in the 
electrogram e are discrete. After deafferentation, secondary waves are 
evident, and primary waves are not. Time, 0-02 sec. 

be stripped away by destruction of the proprioceptors. Thus 
the crossed extensor reflex, except in deafferented muscles, is 
inevitably blended with the stretch reflex since both are present 
in similar reflex conditions, e.g. in the thalamic or decerebrate 
or chronic spinal preparation. Since much of our knowledge 
of the crossed reflex is derived from non-deafferented muscles, 
proper allowance must be made for this complicating factor. 
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The bulbar centres in the customary decerebrate preparation 
also add to the complication. 

There is no reason to suppose that the extensor reflex and 
the stretch reflex each possess a private motoneurone pool. 
Motoneurones which take part in the stretch reflex probably 
also take part in the crossed reflex. Motoneurones recruited in 
the stretch reflex lie within the ambit of excitation of the crossed 
reflex, because during some seconds after the crossed reflex the 
stretch reflex is more easily elicited than before [122]. This 
effect declines gradually and subsides after 50 seconds. This 
greater readiness of the reflex centres to respond to impulses 
from stretch organs is due to increased central excitatory state 
which is residual after the crossed reflex. The two reflexes, 
therefore, engage closely related if not the same motoneurones. 
In result, the blending of effect is present during the elicitation 
of any crossed reflex in a non-deafferented muscle. 

It is well known that when a motor nerve is stimulated, the 
muscle, separated from nerve-centres, develops an active tension 
which depends on the initial tension before contraction. But 
an extensor muscle in connexion with its nerve-centres appears 
to be especially responsive to high initial tension [ 117]. It is 
reasonable to suppose that the stretch reflex evoked by the high 
initial tension has already raised the central excitatory state of 
neighbouring motoneurones, but not to liminal value. Hence 
when the impulses arrive from the crossed side, liminal value is 
quickly reached. If a single crossed stimulus is found to be 
subliminal at low initial tension, it often becomes liminal at 
higher initial tension. 

As has been pointed out, the coalescence of the crossed reflex 
with the stretch reflex is largely responsible for the long dura¬ 
tion of after-action in the former, although it is clear from 
the reaction of deafferented muscle that part of the after-action 
is due to repetitive discharge of nerve-centres (‘central’ after¬ 
discharge). 

This analysis of the blending of the reflexes is important for the 
light which it sheds on volitional movement. The stream of impulses 
descending the pyramidal tract may be regarded as analogous to the 
volleys in the afferent fibres of a crossed extensor reflex. A movement 
which is to be effective for an animal’s need often should not cease 
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abruptly but should change with smooth transition into posture. 
Posture is no less important than movement and, without smooth 
transition from one state to the other, ataxia will impose its disabilities 
on the muscular act. 

As concerns functional facilitation from overlap of central 
connexions, the crossed extension reflex (after deafferentation) 
gives marked results [75]. Facilitation is frequent and often 
extreme between reflexes which must therefore be closely 
allied. Facilitation develops slowly and does not appear to 
reach its maximum until recruitment is almost complete. If 
one stimulus is withdrawn at that stage, its lapse is without 
result for 0*5 sec., as the plateau of after-discharge shows, and 
the effect lingers at the synapses, even for five seconds (‘sus¬ 
tained facilitation’ [75]). 

‘ Rebound ’ [169]. 

‘Rebound’ may be described here conveniently, but it is not 
confined to extensor muscles or to this reflex. ‘Rebound’ is a 
reflex muscular contraction following withdrawal of stimulation 
of an afferent nerve-trunk. It often occurs if there has been 
inhibitory stimulation during the elicitation of a reflex, especially 
when the inhibitory stimulus is moderate in strength and dura¬ 
tion. If the inhibitory stimulus is not strong enough or too 
strong or applied for a long time, ‘rebound’ does not appear and 
even under the most favourable conditions of experiment it is 
somewhat fickle. 

The interval between the withdrawal of the stimulus and the 
appearance of the ‘rebound’ is much longer than the ordinary 
reflex latent period. It is often 0-2 sec. or more. 

‘Rebound’ can also be effected by merely weakening as well 
as by withdrawing the inhibitory stimulus. Also it may be 
found that a weak stimulus which, when initially applied 
yielded inhibitory relaxation, yields ‘rebound’ contraction if it is 
immediately preceded by a strong stimulation. (See Fig. 59.) 
‘Rebound’ is very easily inhibited by reapplying the inhibitory 
stimulus which evoked it or any other inhibitory stimulus 
(Fig. 36). ‘Rebound’ occurs in deafferented muscles and in 
flexor muscles also [34], but is demonstrated with especial ease 
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in the extensor muscles of decerebrate preparations, when it 
often gives big contractions approaching maximum reflex 
tension. These may endure several seconds unless inhibited, 
and then decline slowly. The electrical record of ‘rebound’ 
resembles the plateau after-discharge of the crossed extensor 
reflex [97]. 



Fig. 36. Between c and c the stretch-reflex of vasto-crureus is inhibited 
by faradization of the peroneo-popliteal nerve of the same side. Note the 
inhibition and the further fall, ‘post-inhibitory’ notch after c'. (The ‘post- 
inhibitory notch’ is followed by considerable rebound which, in turn, is 
inhibited at f by gentle traction on Biceps femoris of the same side. See Fig. 21.) 

‘Rebound’ is limited to observations with bared afferent 
nerve-trunk stimulation, and a nerve-trunk commonly contains 
afferent fibres of mixed central effect. ‘If the reflex influence 
exerted by the stimulus during its application has been twofold, 
i.e. both excitatory and inhibitory, the “rebound” contractions 
might be due to the excitatory effect persisting longer than the 
inhibitory after withdrawal of the stimulus, just as with com¬ 
bined stimulation of the inhibitory and accelerator nerves to the 
heart the inhibition masks the accelerator influence during the 
stimulation but the accelerator influence comes clearly to light 
after cessation of the stimulus’ [195]. See also p. in. 
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2. REFLEXES OF IPSELATERAL EXTENSION 

There are exceptions to the rule that in the decerebrate 
preparation stimulation of a hind limb causes flexion [42, 68, 
163, 193]. 

i. The stretch reflex and the tendon reflex are demonstrably 
reflexes which can be excited within extensor muscles them¬ 
selves. Light massage on the belly of an extensor muscle 
exhibiting decerebrate rigidity sets up reflex contraction within 
it. Kneading of the muscle can also sometimes cause reflex 
relaxation of it. Nocuous stimulation of a muscle, such as 
tearing or pinching, causes powerful inhibition of it. Mechani¬ 
cal or electrical stimulation of the proximal stump of the cut 
nerve of one head of the knee or ankle-extensor inhibits reflexly 
the other heads of the muscle [170, 171]. When the stimulus is 
weak, this inhibition is often preceded by a brief reflex con¬ 
traction, especially if the tonic muscle be under stretch at the 
time. The slight contraction continues during the inhibition 
but is obscured by it. The contraction is the ‘Residual 
Ipselateral Extension Reflex’. 

In brief, the evidence from local manipulation of the extensor 
muscles themselves strongly confirms the view that there are 
two ipselateral reflexes obtainable from the muscles reacting 
upon themselves, i.e. proprioceptive, one excitatory, the other 
inhibitory. 

ii. The extensor thrust in the spinal dog is elicited by 
stimulation of the planta [168]. Pressure is the only adequate 
stimulus, pressure on an area from which a nocuous stimulus 
would elicit only the flexion reflex [163]. The thrust is favoured 
by stretch of the extensor muscles, being facilitated by initial 
flexion of the limb. The thrust is a phase of the gallop in the 
spinal dog. 

It is possible that two other reflexes excited from the same 
area, namely, the positive supporting reaction of Magnus, 
Blake Pritchard, and Schoen and the spring reaction of the 
thalamic animal [127, 128, 143, 153], are closely related to the 
same reflex mechanism. 

iii. Mechanical stimulation of the skin over the upper two- 
thirds of the thighs and over the perineum can cause bilateral 
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extension of the limbs. Flexion of the limbs favours its ap¬ 
pearance. The extension reflex is much commingled with the 
nociceptive flexion reflex of the limb, rendering it uncertain of 
occurrence. In the chronic spinal dog, after previous extension 
of the limb, flexion results. These extensor reflexes are in part 
sexual reflexes. 

iv. In preparations recently made decapitate, and periodically 
in other preparations where neck and labyrinthine reflexes are 
excluded, the crossed extension response is replaced by crossed 
flexion, and from one preparation to another varying mixtures 
of crossed inhibition of extensors and crossed extension may 
occur from one and the same stimulus. These variations are 
particularly noticeable in the fore-limb and are subject to numer¬ 
ous conditions, including the general state of the preparation, 
and can be produced by a large loss of blood and by other 
procedures. 

DESCRIPTION AND ANALYSIS OF THE RESIDUAL IPSELATERAL EX¬ 
TENSION REFLEX [65]. A. WHEN EVOKED BY TETANIC STIMULATION 

Post-inhibitory notch in the crossed extensor reflex [97,119,121]. 
In the deep inhibitions of extensor muscles caused by stimula¬ 
tion of an ipselateral nerve there is often found a small residual 
excitation which often the strongest stimulation cannot inhibit. 
Records of muscle action-currents show that this excitation is a 
regular discharge following the rate of the inhibitory stimulus, 
and that with the cessation of this stimulus the discharge ceases 
rapidly, so that the muscle relaxes, sometimes completely, for 
an interval before recovery begins. Such residual excitatory 
ipselateral extension reflex in quadriceps is seen in Fig. 36. The 
final relaxation after the stimulus, the ‘post-inhibitory notch’, 
indicates that the excitatory ipselateral extensor reflex has a 
shorter after-effect than the inhibition which accompanies it. 

Responses of slow and rapid muscles to ipselateral excitation 
when the background is a stretch reflex [65]. If the pale rapidly 
contracting ankle-extensor gastrocnemius and the red sluggish 
ankle-extensor soleus be examined in their relative reaction to 
this residual ipselateral extensor excitation, some facts relating 
to its distribution are revealed. With the two muscles both 
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showing some stretch reflex, a very weak stimulus to a suitable 
ipselateral nerve causes a rise in tension in gastrocnemius and 
complete relaxation in soleus, Fig. 37. The increase in tension 
in gastrocnemius is sudden in onset and irregular in main¬ 
tenance and shows a slight further increase when the stimulus 
ceases. Soleus shows a sudden fall, checked for a short time, 



distance of 14 cm. between m and m'. Time, o-i sec. S, fall of table. 
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Fig. 38. Same experiment as in Fig. 37, coil iz, after improving state of 
inhibitory nerve by re-warming. 

followed by progressive relaxation to a low tension. The check 
in the fall of soleus represents a small excitatory effect which 
is overwhelmed by the preponderance of inhibition, and is 
rarely seen well developed. 

The excitatory effect is more often evident with weak stimulation 
or in preparations which show the excitation of gastrocnemius to a 
marked degree. 

With a stronger stimulus, Fig. 38, both muscles relax rapidly 
to their inert tension, i.e. contraction ceases. Gastrocnemius, 
therefore, is more difficult to inhibit by an ipselateral stimulus 
than soleus and this obtains with all ipselateral nerves when the 
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background against which the inhibition is pitted is the stretch 
reflex. 

If there is no stretch in the muscle, the ipselateral nerves fail to 
excite, except the internal saphenous in the upper thigh, which pro¬ 
duces an effect on soleus to be described later (pp. 77-8). 

Responses of sloiv and rapid muscles to ipselateral excitation 
when the background is a crossed extensor reflex. If crossed 
extension be the background and there is no stretch reflex, it 
is difficult to demonstrate excitation by any ipselateral stimulus, 
for pure inhibitions are produced as a rule under these condi- 



Fig. 39. Stretch reflex, gastrocnemius, upper myographic tracing soleus, 
lower tracing s. Stimulation to ipselateral peroneal nerve, between m and 
m'. S, indicator of table-fall. Time, o-i sec. 

tions, but occasionally discharges may be seen in the electrical 
record, followed by post-inhibitory silence. But if there be a 
stretch reflex and crossed extension be added to it, the ipse¬ 
lateral stimulation produces residual excitation similar to that 
when stretch alone is the background. Passive stretch and the 
resulting stretch reflex appear therefore to be the facilitating 
factor and not mere active tension of unspecific origin. The 
difference is probably due to the fact that the crossed extension, 
in contradistinction to the stretch reflex, excites but little dis¬ 
charge in the motor units of gastrocnemius, and that not in the 
same motor units as ipselateral extension; 

Response to excitation of different ipselateral nerves. The form 
which the residual excitatory reflex of gastrocnemius takes in 
any particular combination of background and ipselateral nerve 
varies greatly from one nerve to another and in the same nerve 
at different times. Often the excitatory reflex appears before 
the inhibition as a sharp peak followed by inhibition, Fig. 39, 
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sometimes as a halt in the first fall of the inhibition, often as a 
faintly recruiting reflex early in the trough of inhibitory relaxa¬ 
tion. 

The rarely-seen excitation of soleus is evident under these 
conditions only as a halt in the inhibitory relaxation. 

Difference depending on the background being a kinetic or static 
stretch. Some further points of difference between the reflexes 
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Fig. 40. (a) Same experiment as in Fig. 37, coil 16, stimulus applied early in 
stretch, and ( b ) late in stretch. Time, o-i sec. 


are significant for their analysis. A stimulus to any ipselateral 
nerve which can evoke excitation of gastrocnemius and inhibi¬ 
tion of soleus evokes a much more obvious excitation of gas¬ 
trocnemius during the phase of increasing stretch (kinetic 
phase) than during the plateau (tonic phase). Soleus is inhibited 
in both phases, Fig. 40. Such differentiation is not obtained 
in the excitation of soleus by the internal saphenous nerve. 

Rebound after the ipselateral reflex and its probable significance. 
A striking feature of the residual ipselateral reflex is the fre¬ 
quency with which it is followed by rebound. When a certain 
stimulus producing excitation in gastrocnemius and inhibition 
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in soleus is increased in strength until gastrocnemius is also 
strongly inhibited, then on cessation of the stimulus gastro¬ 
cnemius rebounds very sharply, but soleus remains completely 
inhibited, to recover only gradually, Fig. 41. The recovery in 
soleus is usually accompanied by further recovery in gastro¬ 
cnemius. When the stimulus is further strengthened so as to 
abolish residual excitation in soleus, there is rebound in that 
muscle also, Fig. 39. 

It can be surmised that suppression of ipselateral excitation 
by strengthening the stimulus causes rebound of short latency 



Fig. 41. Thalamic animal. Soleus, thick line, gastrocnemius, thin line. 
Stimulus to posterior tibial nerve between m and m'. Time, o-i sec. 


and rapid development (Denny Brown). This type of rebound 
is so constant that the appearance of sharp forceful rebound 
following the stimulus may be taken as signifying that an excita¬ 
tory effect has been produced but is kept inhibited by the stimu¬ 
lus. On the other hand, inhibition when uncomplicated by 
excitation, i.e. ‘pure’ inhibition, does not produce rebound. In 
fact it is probable that it is followed by gradual recovery, pro¬ 
portionate in delay of onset and in duration to the strength of 
the stimulus. 

Differences between responses from stimulation of pedal and 
inguinal branches of the internal saphenous nerve. These dif¬ 
ferences are marked and are of considerable interest. The 
ip&elateral internal saphenous nerve and often the obturator 
nerve, if stimulated very strongly in the upper thigh, even when 
the muscles are not stretched, causes a contraction of soleus but 
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little or no contraction in gastrocnemius. The response in 
soleus usually recruits for a time so that a tension-plateau is 
reached which is not far short of the maximal contraction of the 
muscle, but in gastrocnemius the response reaches only a small 
tension and fatigues rapidly. The pedal and lower branches of 
the internal saphenous nerve fail to produce these reflexes. 

If both muscles are stretched, they are deeply inhibited at 
first by stimulation of the proximal nerves with only faint 
evidence of excitation, but soon the recruiting excitation of 
soleus occurs with shorter latency than before and developing 
greater tension. This reflex of soleus is, therefore, also en¬ 
hanced by stretch. 

These differences show that there are two distinct types of 
ipselateral excitation in the hind limb, the one minimal in degree, 
widely distributed in areal source and affecting the pale, rapidly 
contracting gastrocnemius more than soleus, the other, just 
described, powerful and exciting the slowly-contracting red 
soleus and having an areal source restricted to proximal nerves. 
The reflex in pale muscles is almost entirely dependent on a 
previous stretch reflex and possibly for this reason is most 
evident in the decerebrate state. On the other hand, the reflex 
in red muscle is as evident in the spinal state as in the decere¬ 
brate and though enhanced by the stretch reflex, is independent 
of it. 

Behaviour of Flexor Muscles. The flexor responses to ipse¬ 
lateral stimulation might well be expected to display the inhibi¬ 
tory counterpart of extensor reflexes. The only nerve possessing 
a relatively constant inhibitory effect on the flexors of the same 
limb is the posterior tibial nerve. Its effect occurs only on some 
of the units of any flexor muscle, Fig. 42, and then only when 
strongly stimulated. The effect is absent in some spinal pre¬ 
parations. This property of the posterior tibial nerve may be 
associated with the innervation on the pad of the foot and with 
the extensor thrust resulting from stimulation of that area. The 
effect is also produced but in much less degree from the higher 
branches of the same nerve, e.g. that to the posterior tibial 
muscles and in rare instances from the anterior tibial or peroneal 
nerve. The effect is never pure but is always mixed with strong 
excitation of other units, and the rebound which sometimes 
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follows reveals repressed excitation of the same inhibited 
units. 

Ipselateral contractions in the fore-limb [68]. The fore-limb 
reflexes are remarkable for the magnitude of their ipselateral 
extensor responses. The median and ulnar nerves are the most 
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Fig. 42. Semitendinosus. Upper set of tracings: Pt y stimulation of ipse¬ 
lateral posterior tibial nerve alone; i\ coil distance 13*8 cm.; 2' coil 15*5 cm. 
Lower set of tracings : P t stimulation of ipselateral peroneal nerve, during p ', 
coil 13*8 cm.; pt\ stimulation of ipselateral posterior tibial nerve, J, 13*8 cm., 
2 and 3, 15-5 cm.; p y peroneal, coil 22 cm. Broken line, control obs. without 
intercurrence of pt'. 


powerful excitatory channels and their terminal branches excite 
the shoulder-extensor, M. supraspinatus. The contraction is of 
recruiting type. The contraction can be inhibited by stimulation 
of nerves more proximal, and even of the more proximal 
branches of the nerve provoking it, e.g. branches of the median 
nerve in the forearm. The ulnar and internal cutaneous nerves 
give responses exactly similar to the residual ipselateral re¬ 
sponses in the hind limb with sharp powerful rebounds. Tetanic 
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stimulation of the skin of those areas with stigmatic electrodes 
reproduces the same type. In the fore-limb the influence of the 
stretch reflex on ipselateral responses is very obvious and even 
the large responses produced from the median nerve require 
some slight initial stretch for their elicitation. Just as the distal 
ipselateral extensor reflex in the hind limb, so the fore-limb 
ipselateral extensor reflexes are not facilitated by the reflexes 
of crossed extension. In the fore-limb, too, all extensor reflexes 
are very much more evident in pale rapid muscles, such as the 
short head of triceps, while red slow muscles are inhibited by 
the same stimulus. 

The differences in reaction between gastrocnemius and soleus, 
therefore, are not due to a possible flexor effect of gastrocnemius 
in flexing the knee, and the differences between these types of 
muscles are exemplified also by vastus lateralis and crureus, 
both pure knee-extensors. 

We may infer that both in the fore and hind limb there is 
a type of extensor-exciting afferent which is concentrated in the 
distal part of the limb and in the distal branches of the nerves 
which supply that area and is less frequent in the branches near 
the base of the limb. But the hind limb shows additional exten¬ 
sor reflexes when stimulated near its base, because there adjoins 
and merges on to it the perineum, mamma, &c., with all their 
visceral and sexual significance. 

DESCRIPTION AND ANALYSIS OF THE RESIDUAL IPSELATERAL 
EXTENSION REFLEX. B. WHEN EVOKED BY SINGLE SHOCK STIMULI 

If a single break-shock is applied to a suitable peripheral 
nerve, there occurs a small contraction with a few action 
currents, Fig. 43. This is the ipselateral extensor twitch. It 
is remarkable for the sharpness of its occurrence and disap¬ 
pearance in spite of a constantly long latency. The course of its 
event becomes apparent when two such break-shocks follow 
one another in the same nerve at varying intervals. The second 
break-shock, if it falls within the latent period after the first, 
delays all reflex excitation until, in turn, its own latent period 
has elapsed. There is in fact inhibition. 
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If the break-shock is introduced during any background dis¬ 
charge with a continuum of asynchronous action-currents, the 
whole centre is inhibited and all discharge ceases, but begins 
again after 45-65 o. 

The ipselateral extensor twitch occurs only in pale muscles. 
When both red and pale muscles are examined together, with 
the double string galvanometer, the pale muscle is found to 
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Fig. 43. Gastrocnemius. Single break-shock to posterior tibial nerve, at 
fall of signal. M> myogram. E , electrical record. Time, 0*02 sec. 

recover sharply after inhibition but the red recovers slowly and 
gradually. The ipselateral extensor twitch is a rebound. 

If then the ipselateral twitch from one break-shock is in¬ 
hibited by a second break-shock as late as 60 a after, what occurs 
when the ipselateral stimulus is the series of break-shocks at 
50 a second (20 a apart) which provoked the ipselateral reflexes 
discussed above ? Such a series against a vigorous stretch back¬ 
ground shows that at first there is complete silence in the string. 
But towards the end of the interval preceding each stimulus 
wave, small action-currents begin to break through and reach 
full size slowly or rapidly according to whether the reflex 
excitation is recruiting or d’emblee in type. In tetanic stimula¬ 
tion, therefore, the sequence of events is similar to the discharge 
from a single stimulus except that summation of c.e.s. shortens 
the latency of successive excitatory responses. 

Each centripetal wave thus appears to add c.e.s. until neurone 
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discharge occurs, although inhibition must sum all the time in 
much the same way. C.e.s. may accumulate up-stream in 
centres away from the locus of inhibition so that inhibition 
acts as a sort of barrage against the arrival of excitation at the 
motoneurone (Denny Brown). 

Latent successive induction [66]. Just as a series of tendon- 
jerks is used to test inhibition and recovery from it (p. 93), so 
events may be tested in the reflex ipselateral extensor twitch. 
Using fore-limb reflexes, the tendon-jerk in supraspinatus is 
found to be inhibited if the tendon is tapped during the interval 
corresponding to the long latent period, but is full sized or even 
supernormal if it coincides with the appearance of the twitch. 
It is also inhibited if the tendon is tapped after the twitch, and 
afterwards makes the gradual recovery. 

Again, if a nerve produces only a weak ipselateral excitation 
by a series of stimuli but no reflex response by a single break- 
shock, it leaves an effect which is concealed until sampled by a 
series of tendon-jerks. It is then found that a tendon tap at a 
particular interval of 45-60 a after the break-shock elicits a very 
large but short-lasting jerk. This effect documents the process 
of rebound from an ipselateral volley as a subliminal process— 
‘latent successive induction’. 

This has its counterpart in the hind limb. Gastrocnemius, for 
example, gives a much larger tendon-jerk by latent successive 
induction than in ordinary circumstances. 

Herein lies an explanation of the curious differentiation which 
ipselateral extensor reflexes make between stretch and crossed 
extensor reflexes. Alone of all forms of stimulation, the residual 
ipselateral extensor reflexes facilitate and increase the tendon- 
jerks in pale rapid muscle, because without ipselateral excitation 
the tension receptors in pale muscle affect most of the motor 
units only subliminally so that they do not discharge. In other 
words, in pale muscle the stretch reflex which is just subliminal 
and the ipselateral extension which is also often subliminal from 
inhibitory barrage, facilitate one another when concurrent. But 
in pale rapid muscle crossed reflexes have a very high threshold, 
e.g. the crossed extensor response of gastrocnemius is poor and 
does not facilitate the jerk or stretch reflex. In slow red muscles, 
on the other hand, although there is overlapping of units in the 
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stretch and crossed extension reflexes, stretch reflexes are para¬ 
mount and the ipselateral stimulus facilitates very few units. 
This fundamental difference between the two types of muscle 
is emphasized by strychnine. 

Action of strychnine. In a decerebrate animal in which the 
gastrocnemius and soleus muscles give the usual reactions 
(p. 73) to ipselateral stimuli against a background of stretch 
reflex, the administration of 0-08 mg. of strychnine per kg. of 
body-weight is followed in the course of the next few minutes 
by a gradual increase in the responses of gastrocnemius [65,135]. 
Distal nerves, posterior tibial and musculo-cutaneous, first 
cause an increase in excitation and then, as the effect of strych¬ 
nine advances, more proximal nerves do so. Soleus, however, 
continues to be inhibited by the same stimuli, and even if the 
dose is increased to the stage of convulsions, the inhibition is 
not reversed. At last the obturator and inguinal part of the 
internal saphenous nerves induce large ipselateral contractions 
in gastrocnemius which surpass the normal responses of soleus 
to inguinal stimuli. Soleus, meanwhile, still gives its recruiting 
responses to inguinal stimuli (p. 77), but its contraction is now 
dwarfed by contrast with the large response of gastrocnemius. 

The ‘reversal’ effect of strychnine on the ipselateral extension 
reflex is therefore the excitatory enhancement of the distal 
ipselateral reflex which has its receptive focus in the apex of the 
limb. The responses of soleus remain un-‘reversed’ (Denny 
Brown). 

Conclusion. 

The afferents capable of exciting the ipselateral extension 
reflex are evidently wide spread. But in most stimulations of 
afferent nerves where the reflex rule of excitation of ipselateral 
flexors and inhibition of ipselateral extensors appears to hold, 
there are obscured contrary effects. It is the existence of these 
effects which enables any particular level of higher centres or 
any particular state of the co-ordinating mechanism to ‘set’ the 
lower centres in such a way as to constitute a ‘neural balance’ 
(Graham Brown). 


VI 

CENTRAL INHIBITION 


Introduction. 

When the nerves of a limb are stimulated in any way, the flexor 
muscles of that limb contract reflexly—flexor reflex—while in 
the opposite limb the extensor muscles contract—crossed ex¬ 
tensor reflex. The purposive character of such responses is 
evident; if an animal in walking pricks one hind foot on a sharp 
object, that foot is immediately withdrawn, i.e. flexed, W'hile 
the opposite hind limb extends and supports the hind-quarters 
of the animal. 

Now if the nerves of the opposite limb are stimulated during 
the flexor reflex, the picture tends to be reversed. The simul¬ 
taneous stimulation of both ipselateral and contralateral nerves 
might be expected to produce a contraction of all flexors and all 
extensors, so that the purposive character of the reflexes would 
be lost and an intermediate position maintained at the expense 
of a considerable amount of energy. Such needless antagonism 
between reflex responses might well be frequent under ordinary 
conditions of life, for many types of receptor organs from all and 
any of the limbs must continually be bombarding the reflex 
centres with impulses, some of which increase the c.e.s. in 
centres of muscles producing one movement, and others the 
c.e.s. in centres of antagonists. But such antagonism does not 
occur. The purposive character of simple reflexes, when they 
are simultaneous, is not lost but is maintained and co-ordinated 
as a functional whole. Superfluous and wasteful contractions 
are suppressed, inhibited, and harmonious action prevails 
(Principle of Reciprocal Innervation). 1 

The features of inhibition can be investigated by observing the 


1 So far as co-ordination is effected in the spinal cord, this Principle postu¬ 
lates that flexor centres are excited pari passu with the inhibition of extensor 
centres. For example, if the flexor centre is excited ioo per cent., the ex¬ 
tensor centre is inhibited ioo per cent., i.e. is excited o per cent. If the flexor 
centre is excited 25 per cent., the extensor centre is inhibited 25 per cent., i.e. 
is excited 75 per cent., and so on. When, however, higher centres, especi¬ 
ally the highest centres (cortical), are in control, the effect of the Principle may 
be much obscured. 












































































Fig. 44' To be read from right to left. Electrical and mechanical re¬ 
sponses of Tibialis anticus muscle elicited as follows: 

(1) Reflex elicited in response to a single break-shock applied to the 
ipselateral popliteal nerve. 

(2) As in (1) except that a single break-shock was applied to the 
contralateral peroneal nerve 50 a before the stimulation of the 
ipselateral nerve. 
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effect on a flexor reflex of a centripetal volley in a contralateral 
nerve. Since its field of action is in reflex centres, it can be 
demonstrated and measured only by its power of reducing or 
abolishing reflex discharge. 

INHIBITION OF FLEXOR REFLEXES 

Inhibition of a reflex flexor twitch by a single centripetal volley in 

a contralateral nerve. 

A single centripetal volley in a contralateral nerve inhibits the 
flexor reflex evoked by a single centripetal volley in an ipselateral 
nerve; for example, if the volley of impulses in the inhibitory 
nerve (inhibitory volley) is set up 50 a before the excitatory, the 
reflex response of the flexor muscle is diminished [26, 28, 83, 
150] (Fig. 44). When the response is a reflex twitch, i.e. 
when there is no after-discharge, the inhibitory diminution 
must be due to prevention of reflex discharge of some moto- 
neurones. If a statistical average is assumed for the tension of 
an individual motor unit, the diminution in tension of the reflex 
twitch may be taken to be proportional to the diminution in the 
number of motor units activated, i.e. to the motoneurones 
inhibited. If the inhibitory volley is made smaller, fewer moto¬ 
neurones are inhibited. On the other hand, a larger inhibitory 
volley may inhibit all motoneurones, but only when the ex¬ 
citatory volley is small. With a weak reflex the number of moto¬ 
neurones inhibited by a given inhibitory volley is often larger 
than with a strong reflex. The motoneurones which respond in 
the weak reflex and then suffer inhibition are amongst those 
which, when taking part in the strong reflex, resist the inhibi¬ 
tion. In these motoneurones the prevention of reflex discharge 
by inhibition depends on the intensity of their excitation. If 
this is powerful, the inhibitory process may be present but 
without effect—a condition comparable with the subliminal 
central excitatory state. Moreover, the inhibitory process in any 
motoneurone is itself susceptible of grading, since an increase in 
the size of an inhibitory volley increases the inhibition of some 
motoneurones from a latent to an effective intensity. This 
condition is analogous to that existing in the excitatory process 
when a large excitatory volley produces reflex discharge of moto- 
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neurones which were in the subliminal fringe of a small ex¬ 
citatory volley. 

Thus both the inhibitory and excitatory processes are capable 
of gradation in individual motoneurones, and the outcome 
depends on the relative intensities of the two processes. In some 
motoneurones the central excitatory state can be made so intense 
that even the largest inhibitory volley cannot prevent reflex dis¬ 
charge. while the converse is probably true, that in other moto- 



Fig. 45. The tensions of reflex twitches (ordinates) are plotted against the 
corresponding intervals by which the inhibitory volley precedes the exci¬ 
tatory (abscissae). 


neurones the inhibitory process can be made so strong that the 
largest excitatory volley is ineffective. These results indicate that 
the modes of action of both processes are closely linked together. 

With different intervals between the inhibitory and excitatory 
volleys the reflex twitch suffers varying amounts of inhibition 
[83 > I 5 °]> In Fig. 45 the intervals by which the inhibitory 
volley precedes the excitatory are plotted as abscissae, and the 
ordinates are the amounts in grammes of the corresponding in¬ 
hibitions. When the inhibitory and excitatory volleys are set up 
simultaneously in the afferent fibres there is no inhibition, i.e. the 
inhibitory volley takes longer to produce its effect than does the 
excitatory. Even when the inhibitory volley precedes the exci¬ 
tatory by 6 ct, evidence of inhibition is rare, its first appearance 
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being usually at intervals of 6 <7 to 8 a . 1 When the interval is 30 <7 
to 80 cr, the inhibition exerts its maximum effect, and at longer 
intervals there is a progressive subsidence of the inhibition, but 
it is often still evident at 200 <7. Since the ordinates can, at best, 
be considered as numbers of motor units inhibited, the intensity 
of the inhibition in any motoneurone bears no direct numerical 
relationship to the reduction of the reflex response. Neverthe¬ 
less, it may be assumed that the larger the number of inhibited 
motor units, the more intense is the inhibition of the average 
motoneurone. 

Thus the temporal course of inhibition of flexor reflexes is 
characterized by the comparative slowness of increase to a maxi¬ 
mum and the still greater slowness of subsidence. These features 
are observed even when the inhibitory volley is so small that the 
degree of inhibition is comparatively slight. They do not depend 
on the choice of the ipselateral or contralateral nerves which are 
stimulated, and they are unaltered by deafferenting the muscle. 

One reaches the conclusion, therefore, that the long duration 
of the inhibitory effect is strong evidence in favour of a central 
inhibitory state, c.i.s., which is antagonistic to the central ex¬ 
citatory state. It must not be forgotten, however, that the central 
pathway for contralateral inhibition probably includes at least 
one intemuncial neurone. Histological study shows that fibres 
which enter the cord by the dorsal root of one side do not 
arborize around the cells of the opposite anterior horn [44]. It is 
generally agreed that inhibition is produced by nerve-impulses 
similar to those which give rise to excitation, and that inhibitory 
activity is manifested only at the region of termination of the 
nerve-fibres. Prolonged repetitive discharge of impulses in the 
intemuncial neurone might give rise to a long lasting inhibitory 
effect even when the individual successive component inhibitions 
were quite brief. But this possibility is negatived by the experi¬ 
ments described in the next section. 

Influence of excitatory impulses on inhibition [83]. 

If an excitatory volley is interpolated between an inhibitory 
volley and an excitatory volley, the response evoked by the 

1 The interval in the centres is not known accurately because the rate 
of conduction in inhibitory nerve-fibres has not yet been ascertained. 
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second excitatory volley is usually less inhibited than it is in the 
absence of the first excitatory volley. This happens even when 
the interval between the two excitatory volleys is too long for 
direct facilitation between them. The first excitatory volley, 
therefore, must enhance indirectly the response to the second 
excitatory volley by diminishing the inhibition. This is prob¬ 
ably effected by inactivation of the inhibition of the moto- 
neurones by the incident impulses of the first excitatory volley. 
Therefore some of the inhibition which is present at the time of 
incidence of the first excitatory volley must, in the absence of 
that volley, persist long enough to inhibit the response to the 
second excitatory volley. Such experiments show that inhibi¬ 
tion persists for as long as 6oa, and in many cases its duration 
is probably much longer. This persisting inhibitory condition 
may be called a central inhibitory state, c.i.s. The excitatory 
impulses responsible for the inactivation of the inhibition do 
not themselves give rise to excitation, for, if they did, a reflex 
discharge would be set up exactly as if no inhibition had been 
present. Thus it seems that c.e.s. and c.i.s. suffer a mutual 
inactivation. 

At least three factors may be responsible for the time-curve 
of inhibition following a single inhibitory volley (Fig. 45): 

i. Temporal dispersion of the incidence of the inhibitory im¬ 
pulses on the motoneurone. To this factor is doubtless due the 
increase of the intensity of the inhibition for a period as long 
as 60 cr after its onset. 

ii. Persistence of the central inhibitory state produced by 
each inhibitory impulse. Owing to this factor there is a summa¬ 
tion of the effects of successive inhibitory impulses. 

iii. Subsidence of the inhibitory state. The eventual decline 
of the inhibition occurs when the rate of subsidence becomes 
greater than the rate of formation by the incidence of fresh 
inhibitory impulses. 

Inhibition of a reflex flexor twitch by two centripetal volleys in a 

contralateral nerve [83]. 

When two similar inhibitory volleys in the same contralateral 
nerve are separated by an interval less than 60 o, there is consider¬ 
ably greater inhibition of a reflex flexor twitch than from either 































































































Fig. 46. Reflex responses of deafferented Tibialis anticus muscle evoked 
by an excitatory volley in the ipselateral popliteal nerve at various times 
during and after tetanic stimulation of an inhibitory nerve, the contra¬ 
lateral peroneal. The intervals before or after the cessation of the tetanic 
stimulation (shown by the signal line above the corresponding electrical 
record) were as follows: 1, 11 a before end; 2, 78 a after end; 3, 239 a 
after end; 4, 345 a after end; 5, reflex alone; 6, 424 a after end; 7, 52 a 
after end. The white lines of the myograph record commence below the 
dark lines of the corresponding electrical record. Time, 1 d.v. = 10 a. 

Tension scale at side. 
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volley alone. As the distribution of effect of the second volley 
must be the same as the first, this added inhibition indicates 
that two inhibitory volleys inhibit some motoneurones which 
apparently are unaffected by a single volley. Latent inhibition, 
therefore, must be produced by either single volley, so that when 
both volleys are close together the summation of effect produces 
a degree of inhibition sufficient to prevent reflex discharge. In 
this property of summation the central inhibitory state resembles 
the central excitatory state. 

When a volley in one contralateral nerve follows one in 
another nerve by a short interval, the total inhibition of the 
reflex flexor twitch is again found to be greater than when either 
is used alone. The maximum inhibition is usually produced 
when the two volleys are set up simultaneously. Then it may 
be greater in amount than the sum of the inhibitions produced 
by either contralateral volley alone. Hence these results also 
indicate that c.i.s. can be summed. 

Effect of repetitive contralateral volleys [83, 196]. 

If the condition of the flexor centre be tested by an excitatory 
volley at various times during repetitive stimulation of a contra¬ 
lateral (inhibitory) nerve, it is found that the intensity of in¬ 
hibition due to the latter increases progressively. The same 
method shows that there is a progressive diminution of the 
inhibition after the cessation of the contralateral stimulation 
(Fig. 46). The normal excitability of the flexor centre recovers 
after 0 5 second or more. The points of Fig. 47 show the amount 
of inhibition of the response to a constant excitatory volley set up 
at various times relative to a repetitive series of inhibitory volleys. 

Effect of an antidromic volley on the central inhibitory state [83]. 

When an antidromic volley travels up the motor-nerve-fibres 
to motoneurones, there is a disappearance of c.e.s. from these 
motoneurones, and from this fact several conclusions have been 
drawn (p. 41). The long duration of inhibitory effect produced 
by a contralateral volley makes it possible to carry out similar 
experiments on the central inhibitory state. 

If the antidromic volley is set up at various times between the 
excitatory and inhibitory volleys, the central inhibitory state is 
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always unaffected by the antidromic volley. It might be thought 
that the antidromic volley would be prevented from reaching 
the seat of the central inhibitory state on account of the inhibi¬ 
tion of the motoneurone itself. But it can be shown [202] that 
during such inhibition the axones of the motoneurones (motor- 
nerve-fibres) do not suffer any alteration in their excitability or 
conductivity, and that every motoneurone is subjected to the 



Fig. 47. The amounts of inhibition of reflex twitches (ordinates) are 
plotted against the corresponding time relations to a repetitive series of 
inhibitory volleys (abscissae). The beginning and end of the tetanic inhibi¬ 
tion are shown by arrows. 

influence of an antidromic impulse of normal intensity. There¬ 
fore it seems likely that the central inhibitory state cannot be 
modified by the antidromic volley. If it cannot, a most im¬ 
portant and fundamental distinction between the central ex¬ 
citatory state and the central inhibitory state is established. 

Inhibition of a reflex flexor twitch by a centripetal volley in an 

ipselateral nerve [80]. 

Ipselateral inhibition of the flexor reflex has been described 
on P- 35 - Usually the inhibition reaches its maximum about 
20 o after stimulation of the ipselateral nerve, and is still quite 
marked at iooa(Fig.48). There is thus a very striking similarity 
of time relations between ipselateral and contralateral flexor 
inhibitions. In both an antidromic volley passing up the motor- 
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nerve has no influence on the inhibitory process. When ipse- 
lateral inhibition is prominent, the response to tetanic stimula¬ 
tion of the afferent nerve is a single twitch followed by a sus¬ 
tained contraction of lower tension value, for the responses to 
all afferent volleys after the first are reduced by the inhibition 
from the preceding stimuli. This is the so-called ‘jet’ type of 
reflex (Fig. 9). When inhibition is less pronounced, its presence 



Fig. 48. The intervals between two stimuli (the ist weaker than the 2nd) 
applied to popliteal nerve (abscissae) are plotted against the corresponding 
maximal tensions of the reflex responses (ordinates). The tension developed 
by the reflex elicited by the second stimulus alone is indicated by the arrow. 

is shown only by the tension of the tetanic reflex response 
having an abnormally small ratio to that of the reflex response 
to a single centripetal volley (p. 22); for some motoneurones dis¬ 
charge only once, and so do not develop their full tetanic tension. 

Inhibition of the reflex flexor responses evoked by repetitive 
centripetal volleys. 

When a flexor reflex is elicited by tetanic stimulation, it is 
never extensively inhibited by a single contralateral centripetal 
volley, but a favourable background is obtained by having the 
frequency of tetanic stimulus so slow that the stimulus rhythm 
appears in the myograph record. Inhibition then shows itself 
both in the mechanical and electrical responses, but its duration 
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is often so short that it cuts out only one of the primary waves 
of the electrical record together with the corresponding 
mechanical undulation. With higher frequencies the mechanical 
record fails to reveal inhibition although there may be a short 
period of relative quiescence in the electrical record. Such a 
short duration of inhibitory effect stands in marked contrast with 
the much longer periods found in testing for inhibition by a 
reflex twitch. The rapid repetition of the excitatory volleys 
evidently curtails the duration 'of the inhibitory process pro¬ 
duced by the single inhibitory volley. The experimental ob¬ 
servations from which Beritoff [i 8] concluded that the inhibitory 
process may have a duration of only have been criticized 
from another point of view [83]. 

Inhibition of a tetanic flexor reflex by repetitive contralateral 
volleys is experimentally not a common feature in the spinal 
cat, but is more frequent in the decerebrate preparation. If 
contralateral volleys are set up during a flexor reflex, the usual 
result is an abrupt fall of tension to a fairly well maintained 
plateau. When the flexor reflex is not strong, all gradations of 
inhibition, from nothing up to totality, may be obtained by 
altering the strength of the contralateral volleys [175, 194], 
though frequently it is impossible to inhibit completely even 
a weak reflex. This grading is closely comparable with that ob¬ 
tained with single centripetal volleys. 

When repetitive contralateral volleys are pitted against flexor 
reflexes of varying strengths, it is sometimes found that the 
weaker reflexes are completely inhibited while the very strong 
reflexes suffer no inhibition at all, and intermediate strengths 
are partly inhibited. In some preparations inhibitory volleys 
produce a considerable inhibition of a moderately strong reflex 
but are without any effect on a very weak reflex. In the latter 
case, the excitatory volleys can be only just strong enough to 
excite the motoneurones, and the absence of an inhibitory effect 
shows that hardly any inhibition can be incident upon them. 
But in the stronger reflex many of the additional motoneurones 
are inhibited. They must be subjected to a stronger inhibition 
than the former group. It is evident, therefore, that centripetal 
volleys in a contralateral nerve do not inhibit all motoneurones 
in the flexor centre to the same degree [59]. 
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INHIBITION OF TENDON REFLEXES 
Inhibition of after-discharge. 

A contralateral centripetal volley inhibits many fewer moto- 
neurones when applied during the stimulation-plateau of a 
tetanic flexion reflex than during the subsequent period of after¬ 
discharge, i.e. motoneurones are more easy to inhibit during 
the after-discharge than during the period of stimulation, 
because, in after-discharge, there is less ‘central drive’. Thus 
a motoneurone presents a different resistance to inhibition 
under different circumstances [121] (see pp. 85, 100). 

INHIBITION OF EXTENSOR REFLEXES 

Since ipselateral centripetal volleys excite reflex discharges to 
flexor muscles and inhibit reflex discharges to extensor muscles 
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Fig. 49. Spinal preparation showing complete inhibition of the knee- 
jerk for a period of o-8 sec. by a single break-shock applied to the ipselateral 
hamstring nerve at the point shown by the signal. Time, o-i sec. 

(Principle of Reciprocal Innervation), consideration will be 
given to their effect on the various types of reflex contractions 
of extensor muscles, namely the tendon reflex, postural con¬ 
traction, and the crossed extensor reflex. 

Inhibition of tendon reflexes. 

In the spinal animal a single centripetal volley in a suitable 
afferent nerve, e.g. peroneal, abolishes the knee-jerk for some 
time (Fig. 49) [14,155,168]. The maximum length of time for 
this total inhibition of the knee-jerk is 2-0 sec. Usually a gradual 
recovery of the normal excitability begins 0 3 to 0-5 sec. after 
the inhibitory volley and is complete in 1 to 2 seconds. If the 
inhibitory volley is weak, inhibition is not complete and recovery 
is more rapid. The development of maximum extensor inhibi¬ 
tion is practically instantaneous and the extensor centre re¬ 
covers only slowly from inhibition (compare with flexor, p. 86). 
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Inhibition is complete even when the tendon tap is synchronous 

with the setting up of the inhibitory volley [95]. 

Inhibition of the decerebrate knee-jerk is a more involved 
reaction, since, in some circumstances, it is complicated by the 
effect of the centripetal volley on centres in the brain stem and 
by centrifugal volleys from these centres to the lower spinal 
centres. Larger volleys are needed to produce inhibition, and 
recovery is much more rapid, e.g. within 01 sec. [14]. 

Although the long duration of the inhibition of spinal knee- 
jerks strongly suggests that inhibition is a state capable of exist¬ 
ing for a considerable time, i.e. a central inhibitory state, it is 
not a conclusive proof of such a condition. Since the spinal 
tendon-jerk can be obtained only when the muscle is under high 
initial tension [14, 95], it is possible that a considerable back¬ 
ground of subliminal excitation in the extensor centre (from the 
tension receptors in the muscle) is necessary before it can be 
elicited. The prolonged depression of the spinal-jerk might be 
due to the slow building up of this background excitation after 
its removal by the inhibition. In the decerebrate preparation 
impulses descending from the brain stem effect a much more 
rapid building up of the background excitation and hence the 
shorter period of depression of the decerebrate knee-jerk. On 
the other hand, the increased susceptibility of these spinal 
centres to inhibition after spinal transaction may be due not to 
a lack of c.e.s. but to an increase of c.i.s. 

Inhibition of postural contraction. 

(a) By a single inhibitory volley. A single inhibitory volley 
produces a considerable relaxation of a postural contraction 
[156]. With different strengths of stimulus, the extent of the 
relaxation exhibits a grading as delicate as the flexor contraction 
which forms a part of the same reflex reaction [171]. The 
relaxation produced by a strong inhibition has a longer duration 
than that produced by a weak. 

(b) By two inhibitory volleys. When a second volley, either in 
the same or in another ipsilateral afferent nerve, follows the first 
at a short interval, there is a further relaxation which is often 
much greater than that produced by the second volley alone. 
The mechanical record seems to indicate that many more moto- 
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neurones are inhibited. However, the electrical record often 
shows that there is for a short time an inhibition of all the 
motoneurones even when there is only a small relaxation in the 
myogram. Owing to the delay inherent in the relaxation of 
muscles after contraction (see p. 8), the reflex discharges 
reaching the muscle after the period of inhibition cause it to 
regain its previous contraction tension after a comparatively 
slight relaxation. The small relaxation conveys no hint of the 
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Fig. 50. Vasto-crureus muscle in a decerebrate animal. Inhibition of 
postural tone by break-shocks at 4 per sec. to the central end of the ipselateral 
musculocutaneous nerve. In B the stimuli were much weaker than in A. 
a , stim. on, a ' stim. off, in A . b , b\ same for B. Time, 1 sec. 

short-lasting total inhibition. A second inhibitory volley aug¬ 
ments this small relaxation by prolonging the period of inhibi¬ 
tion and so giving more time for relaxation. Also, it may inhibit 
motoneurones which apparently are not affected by a single 
volley. 

(c) By repetitive inhibitory volleys [76, 171]. In Fig. 50 small 
repetitive volleys in an inhibitory nerve completely inhibit the 
postural contraction of muscle, but the time taken for this 
relaxation is longer than when the volleys are larger. The 
stepped relaxation in the former case is so very slow that its 
course represents approximately the progressive inhibition of 
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the reflex centre, for the relaxation time of the muscle-fibres is 
relatively so short as to be inappreciable. With each volley 
more motoneurones are inhibited. The small extra amount 
of inhibitory effect in them sums with the previously latent 
inhibitory process to produce such intensity of inhibition that 
further reflex discharge is prevented. This progressive in¬ 
hibition is called ‘inhibitory recruitment’ on account of its 
resemblance to excitatory recruitment. Thus inhibition of 



Fig. 51. Vasto-crureus muscle in a decerebrate animal. Inhibition of a 
stretch reflex by break-shocks at 50 per sec. to the small sciatic nerve during 
the time shown by the signal. 


extensors is capable of summation in the same, way as in¬ 
hibition of flexors (p. 89). 

If the repetitive volleys in the inhibitory nerve are made 
smaller still/the slow step-like fall may come to an end before 
the stretch reflex has suffered complete relaxation, and, although 
the inhibition is still in operation, a plateau of partial inhibition 
is reached after some seconds and maintained as long as the 
inhibitory volleys are continued (Fig. 51). It is probable that the 
same motoneurones are discharging throughout this plateau, and 
in them the inhibition remains latent though it is being added 
to continually by successive volleys. The reason is that excita¬ 
tion is also continually produced by impulses from the tension 
receptors of the muscle, and this excitation is sufficiently strong 
to overcome the inhibition. This state of affairs exists also during 
the inhibition of a crossed extensor reflex(see p. 99), because this 
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reflex is less susceptible to inhibition than muscle posture; for 
even the weakest inhibition, if repeated, commonly overcomes 
the mild excitation in posture. 

If the sizes of two repetitive centripetal volleys in different 
inhibitory nerves are adjusted so that each alone produces a 
plateau of partial inhibition, they produce, when concurrent, a 
plateau of more complete or even total inhibition, and that 
sooner than with either alone. In any particular motoneurone 
there is a summation of the inhibitory effects of each afferent. 
In some motoneurones this is evidenced by inhibition when pre¬ 
viously, from either nerve alone, there was none apparent. In 
other motoneurones there is a more rapid increase of inhibition 
so that reflex discharge is sooner prevented. Large repetitive 
centripetal volleys in an ipselateral nerve immediately abolish 
all reflex postural discharge [63, 119], and the relaxation of the 
muscle then resembles the fall in tension after a motor-nerve 
tetanus. 


Behaviour of the crossed extensor response to single excitatory and 

single inhibitory volleys. 

When the quadriceps muscle of a chronic spinal animal is 
deprived of its afferent nerve-supply, the background excitation 
in the quadriceps centre is very much diminished, if not absent, 
since both proprioceptive impulses and impulses from higher 
centres have been cut off. In such a preparation, if experimental 
conditions are favourable, a single centripetal volley in a contra¬ 
lateral afferent nerve evokes a reflex contraction of the muscle. 
The reflex can be inhibited by a single centripetal volley in an 
ipselateral nerve even if it precedes the contralateral stimulus by 
an interval as long as 150 a. Since there is probably no back¬ 
ground excitation in the extensor centre (see p. 151), this con¬ 
siderable duration of the inhibitory process is a true value. 
Even when the ipselateral volley follows the contralateral by 
several sigmata, inhibition is complete. The latent period of the 
crossed extensor excitation must therefore be longer than that 
of the ipselateral inhibition, as suggested by the observations on 
the short latent period of ipselateral inhibition of the knee-jerk 

(p. 94). 
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Inhibition of the crossed extensor response to repetitive excitatory 
volleys. 

(a) By a single inhibitory volley [121]. A moderately large 
single centripetal volley in an ipselateral nerve during the re¬ 
cruiting phase of a crossed extensor reflex does not produce a 
relaxation of the muscle, but only delays the rise of tension for 
a short period, about 0-02 sec. (Fig. 52). The increase of tension 
during recruitment is largely due to the continued addition of 
fresh motoneurones to those already discharging (p. 63), and in 

each of these motoneurones 
summation of the effects of the 
repeatedly arriving excitatory 
impulses eventually raises the 
c.e.s. to a threshold value. The 
short flat step in the recruitment 
curve probably shows that the 
moderately strong inhibition 
does not prevent the discharge 
of any of the motoneurones 
which were already discharging, 
but has for the moment stopped 
the recruitment of fresh moto- 
If the inhibition is 



~\ 

E 


~\ 

I 


Fig. 52. Crossed extensor reflex 
in vasto-crureus muscle beginning at 
signal E. At signal / a single break- 
shock is applied to an ipselateral 
inhibitory afferent. 


neurones. 

stronger, a definite relaxation is produced, if weaker, the rate 
of recruitment is slowed. 

If a considerable fall in tension is to be produced during the 
stimulation-plateau of a crossed extensor reflex, a fairly large 
inhibitory volley is necessary, and complete relaxation of the 
muscle may follow only a very large volley. For this event, all 
reflex discharge must be prevented until the muscle has had 
time to relax completely, i.e. for a period of about 200 o, since 
reflex discharge during this time will hinder complete relaxation. 
It is remarkable that a single centripetal volley can have this 
prolonged action in the face of a continuous rapid bombardment 
of the reflex centre by excitatory impulses from the contralateral 
nerve. A moderately large inhibitory volley usually produces 
a very slight or no effect on the mechanical record of the reflex, 
while the electrical record often shows a short-lasting complete 
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Fig. 53 a. Electrical record of the responses of a single motor unit of 
an extensor evoked by stimulation of a contralateral nerve at a rate of 
50 per sec. Between the two signals an ipselateral inhibitory nerve 
is stimulated at a rate of 65 per sec. Time, 0.02 sec. 
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Fig. 53 b. As in Fig. 53 a in another experiment 



Fig. 67. Portion of nerve of M. biceps femoris, after 
removal by degeneration of all afferent fibres. Only 
ventral root (motor) fibres remain. Myelinate fibres 
2(jl—i8(j t. X 320. 
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inhibition. After the inhibition the rapid bombardment of 
excitatory impulses restarts the reflex discharge before the 
muscle has had time to relax appreciably. 

(b) By two inhibitory volleys . When a second volley, either in 
the same or another afferent nerve, follows the first at a short 
interval the inhibition is greatly increased. Even when either 
volley alone produces almost no relaxation the two volleys 
together often give a well-marked effect. Some of this increase 
is due in part to prolongation of the inhibited condition of the 
reflex centre, which allows a longer period for mechanical 
relaxation of the muscle (see p. 95). But summation of in¬ 
hibitory effects probably operates as well, with the result that 
the two volleys together prevent reflex discharge of some moto- 
neurones which were not inhibited by either alone. 

(c) By repetitive inhibitory volleys [121]. A series of small in¬ 
hibitory volleys gradually produces partial relaxation of a crossed 
extensor reflex, thereby showing that in the individual motoneu- 
rone there is a summation of the effects of each volley. Briicke 
[204] observes a phasic inhibition timed by interference of the 
excitatory and inhibitory rhythms. Larger inhibitory volleys 
produce quicker relaxation of the muscle, that is, the rate of 
inhibitory recruitment in the centres is increased. Very large 
inhibitory volleys cause an immediate cessation of discharge in 
all motoneurones, and the muscle relaxes as rapidly as at the end 
of a motor-nerve tetanus. That inhibition is able to quell in¬ 
stantly all reflex discharge shows that it must act on the reflex 
arc at least as far downstream as the point responsible for after- 
discharge. If it merely effected a block higher up, the result 
would be similar to a cessation of the excitatory volleys evoking 
the reflex, and relaxation would be delayed until the after-dis¬ 
charge had ceased. 

In the crossed extensor reflex the rhythm of discharge of any 
particular motoneurone bears little relation to the rhythm of the 
excitatory volleys [10, 63], but depends on the rate of building 
up of c.e.s. in that motoneurone. Fig. 53 shows the electrical 
records of single motor units excited to respond at 20 per sec. 
by a series of contralateral volleys at 50 per sec. During a series 
of volleys at 65 per sec. in an ipselateral (inhibitory) nerve there 
is a reduction in the rate of reflex rhythm to about 7 per sec. 
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Rapid recovery to the original rate ensues after the inhibition 
[63]. Here, although the inhibition fails to suppress the reflex 
discharge, it nevertheless diminishes the rate at which the c.e.s. 
is built up, as is shown by the slower rate of discharge. On 
account of this slower rhythm the tetanic tension of the unit is 
considerably reduced, so that inhibition produces a fall in ten¬ 
sion, although the reflex discharge still continues. Inhibition can 
thus reduce the tension of a reflex response by slowing the rate 
of firing of some units, as well as by suppressing all reflex dis¬ 
charge in other units. 


Inhibition of after-discharge of crossed extensor reflex [121]. 

In the after-discharge of the crossed extensor reflex the bom¬ 
bardment with excitatory impulses is no longer intense, and, in 
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Fig. 54. Crossed extensor reflexes in vasto-crureus evoked by a stimulus 
applied between E and E'. In the upper figure a single break-shock is applied 
to an inhibitory nerve at either i or 2 (within the period of excitatory stimula¬ 
tion), and the effect on the after-discharges is shown by the corresponding 
broken lines. In the lower figure the inhibitory volley is set up at various 
points during the after-discharge. 


consequence, the effect of inhibition bears a close resemblance 
to inhibition of the stretch reflex. Despite the identity of the 
motoneurones discharging in the stimulation-plateau and in 
the after-discharge-plateau complete inhibition of the latter is 
produced by a comparatively small inhibitory volley. Moreover, 
towards the end of the after-discharge-plateau, the later the 
inhibition the more marked are its effects (Fig. 54). According 
to circumstances, therefore, motoneurones vary in their sus¬ 
ceptibility to inhibition. 

After-discharge is affected in a characteristic manner by an 
inhibitory volley which is set up during the stimulation-plateau. 
Even though very little relaxation is produced at the time, the 
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inhibition leaves its mark, for the after-discharge is curtailed 
(Fig* 54)* This ‘eclipse’ of the after-discharge indicates that 
inhibition, while not producing a prolonged subliminal con¬ 
dition in excited motoneurones, at least is able to diminish the 
duration of their after-discharge. If a larger inhibitory volley is 
set up near the end of the stimulation-plateau, the resulting relaxa¬ 
tion passes over to an after-discharge-plateau of reduced tension, 
i.e. those motoneurones which are most easily inhibited do not 
take part in the after-discharge. In some cases ‘eclipse’ is not 



Fig. 55. Crossed extensor reflex in vasto-crureus evoked by a stimulus 
applied between E and E'. At I a single break-shock is applied to an inhi¬ 
bitory nerve. The broken line gives the course of the control (uninhibited) 
reflex. 

evident, so that after-discharge is unaffected, and is identical in 
duration with the longest persisting after-discharge of the 
control reflex (Fig. 55). In these cases the motoneurones which 
exhibit the longest after-discharge are probably the least sus¬ 
ceptible to inhibition. 

General discussion on Inhibition [83]. 

As a summary of the experimental evidence on inhibition it 
may be said that: 

(i) Centripetal volleys in ipselateral nerves as a rule excite 
reflex contraction of flexor muscles, and tend to inhibit reflex 
activity of extensor muscles. On the other hand, centripetal 
volleys in contralateral nerves excite reflex contraction of ex¬ 
tensor muscles and tend to inhibit reflex activity of the flexor 
muscles. 

(ii) The inhibitory process in motoneurones can be graded in 
intensity. It may be latent, i.e. subliminal [83, 188]. 

(iii) In a motoneurone summation of inhibition may be pro¬ 
duced by successive volleys in one or more afferent nerves. 

(iv) The inhibitory process is quantitatively antagonistic to 
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the central excitatory state, c.e.s. In a motoneurone inhibition 
may slow the rate at which c.e.s. is being built up to threshold, 
i.e. it may slow the rate of reflex discharge, or it may prevent all 
discharge. According to circumstances, the same motoneurone 
varies in its susceptibility to inhibition. The more strongly it is 
excited the more difficult it is to inhibit. 

(v) The antagonism between the central excitatory and in¬ 
hibitory states is due to the mutual inactivation resulting from 
their interaction. 

(vi) A single inhibitory volley sets up a central condition 
which can be detected for at least ioocr. This duration is due 
partly to the temporal dispersion of the incident inhibitory im¬ 
pulses and partly to the duration of the central inhibitory state 
set up by any particular inhibitory impulse. 

(vii) The central inhibitory state undergoes a progressive sub¬ 
sidence. This happens in the absence of incident excitatory 
impulses, i.e. without removal of c.i.s. by excitatory impulses. 

(viii) The inhibitory process is unaffected by an antidromic 
volley ‘backfired’ up the motor-nerve-fibres. 

(ix) Inhibition from any afferent nerve does not affect all the 
motoneurones of one muscle with a uniform intensity. 

In the following respects c.e.s. and c.i.s. are analogous: 

(i) They are only produced when nerve-impulses in the 
terminal branches of one neurone are incident on a neurone next 
in series, i.e. at synapses. There is as yet no experimental 
evidence for the existence of inhibition with neurones other than 
motoneurones. 

(ii) Both c.e.s. and c.i.s. undergo a gradual subsidence. 

(iii) The c.e.s. or c.i.s. produced by one impulse sums re¬ 
spectively with the c.e.s. or c.i.s. produced by other impulses, 
from either the same or other nerve-fibres ending on that same 
motoneurone. 

(iv) As a consequence of summation many grades of intensity 
of either c.e.s. or c.i.s. may be produced in a motoneurone. 

(v) When c.e.s. and c.i.s. interact they suffer a mutual 
quantitative inactivation. 

In the following respects c.e.s. and c.i.s. differ fundamentally: 

(i) c.e.s ., if sufficiently intense, gives rise to the discharge of 
a nerve-impulse. No corresponding action is known for c.i.s. 
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It has no direct effect on the motoneurone—it merely inactivates 
c.e.s. 

(ii) An impulse passing antidromically up a motor-nerve- 
fibre to a motoneurone inactivates the c.e.s. of that motoneurone, 
but does not affect the c.i.s. 

The above differences between c.e.s. and c.i.s. have in all 
probability a common basis. Thus it may well be that c.e.s. 
acts as the sole intermediary between c.i.s. and the motoneurone, 
c.i.s. having no direct action [83]. 

No experimental evidence bears on the actual nature of c.i.s. 
It has been suggested that it is a chemical substance [14, 95,150]. 
It may, however, receive its ultimate explanation in terms of 
physical chemistry, e.g. as the stabilizing of a surface membrane 
[190]. Certain it is that inhibition can exist independently of 
excitation. 


VII 

LOWER REFLEX CO-ORDINATION 

By nervous co-ordination we may agree to understand that co¬ 
operation of nervous processes which secures with a normal 
muscular system the due performance of a muscular act. By 
due performance is here meant, since we are dealing with 
animal reflexes, execution of the act in such a manner as appears 
to an observer correctly to secure its end. Such normality will 
include normality of time relations, of spatial relations, and of 
tension development. Thus a movement must appear correct 
in speed, extent, direction, duration, and work done. 

Reflex acts of the simple kind considered in this book do not 
involve co-ordination of the highest and most delicate grades. 
For that reason they are likely to reveal explicitly some basal 
elements fundamental to all co-ordination. But to adduce due 
attainment of their end as an objective criterion for the co¬ 
ordination of reflex acts requires some preface here. Biologically 
the importance of a reflex is as an item of behaviour; hence 
biological study presents for each reflex the issue of its meaning 
as an animal act. On this rational basis the reflexes can be 
treated in a comprehensive functional scheme. It is, however, 
an aspect of their nature which has not been systematically re¬ 
garded in this book; it can be found dealt with elsewhere [168]. 
Here the rough morphological scheme adopted separates them 
into uncrossed, crossed, spinal, decerebrate, &c., and has been 
foflowed as convenient. Such a scheme is less inappropriate for 
function than might at first seem, largely because reflex differ¬ 
ence between flexors and extensors [160] does document itself 
in such a scheme, and is persistently significant. Within its 
arrangement we take such functional meanings as are obvious, 
to use them as criteria of effective reflex performance, and thus 
of reflex co-ordination. 

We have to be circumspect. The laboratory usage for obtain¬ 
ing reflexes is often direct stimulation of bared afferent nerves, 
a plan which eschews selective excitation of specific receptors 
and precise knowledge of the receptive field, and thus renounces 
serviceable guides to the functional purpose of the reflex. 
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Further, an isolated muscle under myograph and galvanometer 
often yields, examined by itself alone, little evidence, and that 
equivocal, as to the meaning and general co-ordination of the 
full reflex act for which the muscle is part agent. Again, the 
collection of afferent fibres in a nerve-trunk, especially in one of 
considerable size, is drawn from receptors of such various species 
and place, superficial and deep, that its direct stimulation, 
especially if strong, cannot represent with purity the provenance 
of any normal natural stimulus. Direct stimulation of bared 
afferent nerve does, however, present certain advantages in 
reducing complexity arising from receptor organs. Also, the 
electrical stimulus, although even in its application to actual 
receptors generic rather than specific, does provide the experi¬ 
menter with nicety of adjustment in strength and time. An 
objection attaching ±0 the electrical stimulus for evoking reflexes 
lies in the circumstance that the relative heights of threshold 
of the various afferent nerve-fibres to that stimulus must depart 
widely from the distribution of threshold heights among the 
receptors to which those afferent fibres correspond, and there¬ 
fore from the relative excitability of those fibres themselves 
under natural stimulation. 

Some measure of caution is necessary, and brief mention will 
now be made of certain types of reflex result, derivable from 
direct electrical stimulation of bared afferent nerve, which are 
likely to be false guides if accepted as instances of normal 
reflex co-ordination. 


I. CONCEALED REFLEXES 

Each afferent nerve presents a dominant reflex. This re¬ 
action when the nerve is stimulated directly may obscure others 
concomitantly excited [94, 193, 195]. If the nerve be large and 
the stimulus strong the net reflex result on a muscle or group of 
muscles will be an admixture and may be self-contradictory and 
in so far too suspect to be taken as a pattern of normal co¬ 
ordination. The ‘jet’ form of the spinal flexion reflex can serve 
as an example (Fig. 9). This is excited from large afferents, e.g. 
from the foot or hamstring muscles; its rapid and powerful open¬ 
ing contraction is not maintained but early dwindles to a trifling 
remainder; this then continues as long as the stimulus lasts. 
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The afferent fibres stimulated include along with those that 
excite the flexor muscle others which excite the extensors and 
inhibit the flexor. These latter cut down the excitatory effect of 
the former: in other words an extensor reflex lies concealed 
under the flexor reflex. 

Concealed inhibition obtaining in one afferent nerve can often 
be detected by concurrent stimulation of another. The con- 
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Fig. 56. Spinal tensor fasciae femoris ; reflex response to stimulation of 
internal saphenous (s') with in A an intercurrent stimulation of popliteal (pt') y in 
B a partly preceding stimulation of popliteal. The popliteal evokes a mixed 
but predominantly inhibitory effect which latter is revealed by a diminution in 
the contraction responses to internal saphenous nerve. In both, broken line 
above, control reflex from s' alone. Broken line below, reflex from pt' alone. 


traction excited by the latter is then found to be diminished 
during the stimulation of the former. Thus, with the spinal 
muscle tensor fasciae femoris, the popliteal nerve gives reflex 
contraction of the ‘jet’ type. By combining this with stimula¬ 
tion of the internal saphenous nerve the reflex action of popliteal 
in the flexor is shown to be in fact mainly inhibitory [52]. Its 
reflex contraction in the hip flexor, tensor fasciae , conceals a 
reflex inhibition of the same muscle pertaining to an extensor 
reflex. That these reflexes although coincident are mutually 
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destructive argues against accepting such gross admixture of 
them as instances of normal co-ordination. 

Again, with such admixture stronger stimulation of one and 
the same bared afferent may yield in a sample muscle less 
contraction than did weaker stimulation, or may replace con¬ 
traction by immediate and considerable relaxation. This latter 
is an example of what is called ‘reversal’ [193]. 

(i) Reversal of reflex effect. 

‘Reversal’ is germane to concealed reflexes. It is met with in 
several forms: (a) reversal under change of strength of stimulation 
of the same afferent nerve [193, 194]; (j 9 ) reversal under con¬ 
tinued and unaltered application of the stimulus [193]; (y) re¬ 
versal after exhibition of a drug, e.g. chloroform [192], strych¬ 
nine [135], the stimulus and nerve remaining the same; 
(8) reversal conditioned by altered initial state, e.g. posture of 
the limb [172, 161], the exciting stimulus and its locus re¬ 
maining unaltered. 

Progressive increase of the stimulation of a given afferent 
nerve and the resulting increase of contraction-response of a test 
muscle which it activates show, in some cases, a relation too 
bizarre to be accepted as exemplifying normal co-ordination 
[193]. Thus, the effect of a graded series of stimulations of 
internal saphenous or of peroneal as afferents can be as follows 
on the ipselateral tonic vasto-crureus: at threshold, contraction; 
with less weak stimuli, more marked and steeper contraction 
changing under unaltered continuance of the stimulus into 
gradual relaxation. With further increase of stimulus an initial 
contraction passing quickly into rapid inhibitory relaxation. On 
still further increase of stimulus no initial or other contraction 
but a swift and profound inhibitory relaxation. 

In Fig. 57, faradization of the peroneal afferent excites tonic 
contraction in both right and left knee-extensors [179], but 
strengthening the stimulation, while it causes increased con¬ 
traction of the crossed extensor, replaces that of the ipselateral 
by prompt and considerable relaxation. Here in the ipselateral 
reflex the response to the stronger stimulus conceals that be¬ 
longing to the weaker. The weak reflex cannot bear the same 
functional meaning as the stronger being tonic and bilaterally 
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symmetrical instead of phasic and asymmetrical; it is contribu¬ 
tory to standing [179], which the asymmetrical response cannot 
be. The ‘standing’ is the weaker reflex and becomes masked. 
The stronger stimulation of the bared afferent therefore evoked 
a complex of two functional reactions, partly incompatible, 
artificially compounded in the same muscle [193]. The result 
is not utterly ‘mco-ordinate’. Excitatory summation and in¬ 
hibitory summation and central interaction between them have 


A 
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Fig. 57 . Decerebrate vasto-crurei right and left. In A, weak stimulation of 
the left peroneal afferent; in B stronger but still moderate stimulation of the 
same afferent. Time, 0 2 sec. 


contributed to it, and they can be mutually co-ordinative. But 
here the result is faulty in the sense of misexecuting one act by 
reason of simultaneous confusion of it with another. The co¬ 
ordinating mechanism is supplied with wrong ingredients; the 
same instrument is driven to play two different tunes at once. 
The disorder is faulty correlation [105] rather than inco¬ 
ordination. 

Such cases of ‘reversal’ are not rare. One and the same 
afferent nerve can contain two sets of fibres which produce 
opposite reflex effects on the musculature. Thus the plantar 
nerves contain, besides fibres from nociceptors of the foot which 
inhibit the limb-extensors, fibres from receptors for harmless 
pressure on the planta which excite the extensors [163]. Again, 
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the extensor muscle contains proprioceptive organs which on 
their mechanical stimulation by their own muscle excite reflex 
contraction of it (autogenous excitation) [166, 170], and the 
same muscle contains also other proprioceptive organs which on 
being mechanically stimulated by their own muscle reflexly 
inhibit it (autogenous inhibition) [170, 173]. The afferent 
nerve-fibres from both these antagonistic sets of proprioceptors 
within the muscle are gathered up together in the nerve of 
the muscle along with the motor-nerve-fibres, making one 
nerve in common. With an admixture of that kind subjected to 
graded electrical stimulation, one set of the reflexly opposed 
afferent fibres may predominate among the larger (i.e. low 
threshold) fibres of the afferent nerve and the other set among 
the smaller (i.e. higher threshold). In the instance above, excita¬ 
tory fibres predominating in the large fibre group could explain 
why a threshold stimulus gives contraction, with little or no 
inhibition; and, if inhibitory fibres predominate in the medium 
and small calibre group, inhibition will predominate under such 
increased stimulation as includes these latter. That the result 
even under full stimulation may still show some initial contrac¬ 
tion is intelligible because the large calibre fibres being quicker 
conductors will ceteris paribus provoke their central result 
earlier; often, however, the initial contraction entirely disappears. 
Further, one form of stimulus may suit one kind of nerve-fibre 
better than another. 

It is, however, not intended to suggest that every case of 
‘reversal’ of reflex effect under continuance of the same stimulus 
is per se an artefact or evidences inco-ordination. A reflex re¬ 
versal given by a natural stimulus and offering no ground for 
rejection as inco-ordinate is furnished by the usual demonstra¬ 
tion of the ‘lengthening reaction’ [173, 177]. There the knee- 
extensor is in decerebrate rigidity: passive flexion of the knee 
then initially encounters resistance, partly due to the excitatory 
autogenous reflex of the muscle itself already in action and 
partly due to enhancement of that by the additional stretch 
bringing in further proprioceptors excitatory of the muscle. 
Then under further persistence of the passive flexion inhibitory 
relaxation, autogenous inhibition, supervenes. Those proprio- 
ceptives of the muscle which are inhibitory of the contraction 
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of the muscle itself, i.e. of their own muscle, are .thus brought 
into play by the further stimulus. An inhibitory proprioceptive 
reflex supervenes upon an excitatory one. This supervening 
inhibitory reflex has its excitatory concomitant in the crossed 
fellow limb where contractions of the paired fellow muscle 
vasto-crureus (Philippson) [137] and of soleus are evoked. 
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Fig. 58. Decerebrate vasto-crureus. Two reflex responses to stimulation 
of the same afferent nerve (ipselateral popliteal). The earlier and longer 
stimulation was by weak galvanic currents from a rheonome alternating in 
direction at 22 per second; this gave ‘tonic’ contraction. The later stimulation 
was a break-shock series from an induction coil at 30 per sec. through the 
same electrodes (non-polarizable) for somewhat less than one second; this 
gave immediate inhibitory relaxation. Time, 1 sec. 


Again, the proprioceptive reflex excited by active contraction, 
a ‘natural’ stimulus, of the hamstring muscles provokes in vasto- 
crureus a mixed reflex, concealed excitation accompanying 
dominant inhibitory relaxation (Cooper and Creed) [55]. Again, 
the clip stimulus, a ‘natural’ stimulus, applied to a hind-foot 
digit of the spinal dog, excites protective flexion; but that 
flexion, under unaltered continuance of the stimulus, is quickly 
followed by rapid irregular alternation of extension-adduction 
and flexion-abduction, which may free the foot. Again, the 
reflex stepping of the fellow hind limb which accompanies the 
nociceptive clip reflex is itself a rhythmic reversal reflex. Clearly 
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not every reflex reversal under a continued stimulus is artificial 
or inco-ordinate. 

Nevertheless electrical stimulation of a bared afferent nerve 
commonly has for its reflex result a clash of interaction between 
receptors naturally opposed, a clash which natural stimuli do 
not occasion. In this clash one of the opposed components 
tends to conceal the others. Each considerable afferent nerve 
presents a dominant reflex which may mask its competitors 
[191, 193]. That dominance is itself a compromise between 
conflicting reflexes. In an above instance the concealed ipse- 
lateral extension reflex was only partly submerged. There are 
instances less facile to detect—especially where the concealed 
reflex is inhibitory. Terminal rebound following on reflex 
contraction is commonly accepted as a sign of a ‘concealed 
inhibitory reflex’, so often does an outburst of reflex contraction 
follow the production of strong inhibition. 

(ii) Rebound. 

The reflex effect of an afferent nerve, stimulated as such 
directly, may, on withdrawal of the stimulus, be followed not 
by mere lapse of the reaction but by outbreak of fresh activity. 
This last may be opposite in sense to what had preceded, or may 
be an enhancement in the same sense. This terminal pheno¬ 
menon in its various forms is called ‘rebound’ [169]. Points 
regarding it are [169, 34]: (1) it occurs both in the spinal and in 
the decerebrate preparation; (2) deafferentation of the muscle 
does not preclude it; (3) the stimulation must be well above 
threshold; (4) it may ensue even on a single-shock stimulus— 
commonly with a tetanic stimulus there is a favourable duration 
of the stimulus for evoking rebound, and shortening this much, 
or lengthening it much, excludes the rebound; (5) actual change 
either in length or tension of the muscle is not essential or 
important as a precursor for the ‘rebound’; (6) the latent 
interval exhibited is always long, often much longer than 
ordinary reflex latencies; (7) the duration of the rebound itself 
is variable but never very brief; its onset is quicker than its 
subsidence; (8) it can be obtained by merely reducing in 
strength, instead of withdrawing, the stimulus, and the strength 
of stimulus which then allows the rebound is that which 
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initially produced the opposite effect to the rebound [172]; (9) 
it is easily inhibited [181], like after-discharge. Electrically, its 
muscle-response resembles that of after-discharge [92, 97]. 




Fig. 59. Decerebrate vasto-crureus. Top 
figure: weak break-shock series applied to 
afferent ipselateral peroneal, and causing 
weak inhibitory relaxation of the tonic 
muscle. Lower figure: the stimulation 
strengthened by short-circuiting a resist¬ 
ance in the primary circuit but otherwise 
similar and delivered through the same 
unshifted electrodes; this causes stronger 
inhibitory relaxation. Then the stimulus 
is reduced to the strength it had in the top 
figure; it now produces contraction instead 
of relaxation. Finally the stronger stimulus 
is reverted to and gives inhibitory relaxa¬ 
tion, followed on complete withdrawal of 
the stimulus by terminal rebound. 


Types of terminal rebound are: (1) outburst of contraction 
following cessation of an inhibitory relaxation; (2) increase of 
contraction following a moderate contraction; (3) increase of 
relaxation (inhibitory) following a moderate inhibitory relaxa¬ 
tion. The view has been put forward that, like reversal,‘rebound’ 
is to be accounted for by admixture of afferent fibres [94, 193, 
J 95> 2 °5l> excitatory and inhibitory respectively, and of different 
threshold in the same stimulated nerve-trunk. Points (2), (3), 
(6), and (8) especially support that explanation and none of the 
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facts are incompatible with it. The explanation supposes central 
opposed effects dissimilar in time relations, the one appearing 
earlier, the other persisting the longer, with an intervening 
period of common action during which compromise obtains. 
The persistence of the inhibition, e.g. Fig. 56, harmonizes with 
the long duration of inhibition in general; spinal examples of 
such rebound are not infrequent. The persistence of excitation 
subsequent to inhibition, giving the rebound so usual in de¬ 
cerebrate preparations especially along with decerebrate rigidity, 
argues a remoter or prespinal seat for such persistent excitation. 

Rebound is, however, not restricted to artificial stimulation 
or to stimulation of mixed afferent nerves. It can be a sequel 
to ‘natural’ stimulation. The jaw-opening [22, 183] reflex 
(decerebrate cat) is executed by contraction of digastricus ac¬ 
companied by reciprocal inhibition of the powerful temporalis 
and masseter. Elicitable by broad pressure on the upper teeth 
and palate, it is followed immediately on removal of that 
stimulus by vigorous closing of the jaw from ‘rebound’ of 
the previously inhibited jaw-closers. With a series of stimuli, 
therefore, a ‘biting’ action results; the openings occur with 
the stimulations, the closings by strong rebounds between the 
stimulations. Reclosure when there is something between the 
jaws to bite upon brings into reoperation the jaw-opening 
stimulus. A rhythmic biting reflex thus maintains itself until 
the pabulum is gone. 

The point here, however, is that rebound, with its seesaw 
of effect and its conflicting inhibition and excitation, is, when 
ensuing on stimulation of a large naked afferent nerve, like 
‘reversal’ itself, traceable to ‘concealed’ reflexes and to the 
concurrent stimulation of opposed afferent fibres in a manner 
too gross to be acceptable as a normal co-ordination. The 
laboratory plan of obtaining reflexes by direct stimulation of 
bared afferent nerve is for some analyses excellent; but it is 
unnatural and certain reflex artificialities derive from it. Its 
results have therefore to be used circumspectly; though for 
the prosecution of reflex analysis in general it has furnished 
data of inalienable value. Its results, even when questionable as 
examples of normality, may yet instructively illustrate elemental 
processes of co-ordination at work on an abnormal basis. 
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II. QUANTITATIVE ADJUSTMENT OF REFLEX CONTRACTION 

Among requirements which co-ordination must satisfy one, 
which seems as fundamental as any, is adjustment of what may 
be termed quantity of contraction. On this rests adjustment of 
extent and speed of movement, and of work or mechanical 
resistance commensurate to demand. Since every reflex act 
employs not one only but a number of muscles the quantity of 
contraction it adjusts is plurimuscular in distribution. 

A step towards analysis of this adjustment of quantity is to 
determine its component in the individual muscle. The myo¬ 
graph and galvanometer can do this. They show that a reflex 
deals with the muscle as a collection of additive units, the motor 
units defined earlier (p. 6). On this basis a reflex grades its 
activation of the muscle in two ways: (a) by operating fewer or 
more of the units; ( b ) by intensifying or lessening the degree of 
tetanic contraction of the individual unit. 

Reflex scale of adjustment. 

A reflex fractionates it's muscle. This fractionation is based 
on the spinal motoneurone. Its limit of fineness in the muscle 
is set not at the individual muscle-fibre but at the individual 
motor unit, each such unit comprising many muscle-fibres, e.g. 
some 150 muscle-fibres [48] in (p. 16) cat. An advantage of the 
‘motor unit’ over the individual muscle-fibre as unit of func¬ 
tional contraction is the mechanical one that the muscle-fibres of 
the unit form a lengthwise group which even in long muscles 
pulls on tendon directly and escapes the yielding intervention of 
slack muscle [49]. As to the least number of motor units em¬ 
ployed it seems certainly to descend to 2 or 3 [78]; thus a single¬ 
shock stimulus of low value will evoke a 10 g. reflex twitch (tib. 
ant.) in a muscle comprising some 330 motor units, and giving a 
maximal motor twitch developing some 1,000 g. The upper 
limit of the number of units activated in the given muscle varies 
with the particular afferent nerve employed. It would be helpful 
could we assess the relative number of motor units engaged in 
variously graded reflexes; to do so presents difficulty. Advan¬ 
tages a twitch reflex would offer for the purpose are offset by 
the circumstance that such contraction when confined to a few 
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units and submerged in an elsewhere inactive muscle is at serious 
disadvantage for approximate isometry of record. Moreover a 
single afferent stimulus, e.g. a single centripetal volley, fails to 
activate the full number of motor units which the same afferent 
nerve can activate under tetanic repetition of the same stimu¬ 
lus. Of reflexes the spinal flexion reflex offers the best chance 
for an estimate. With this reflex the tetanic rate employed for 
stimulation of the afferent nerve commonly secures a fairly 
corresponding rate of centrifugal discharge. Full tetanic con¬ 
traction of those motor units which are reflexly excited is thus 
obtainable by a repetitive stimulus of sufficient rate. Indeed by 
full tetanic stimulation of a large afferent the reflex tetanus may 
occasionally develop the full maximal tetanic tension of the 
muscle [51, 52, 71], thus furnishing proof of complete tetanic 
contraction of every motor unit in it. With the flexion reflex an 
estimate has in fact been attempted of what fraction of certain 
flexor muscles of the limb is at the reflex disposal of this or that 
afferent nerve of its own limb. Approach is thus made toward 
what proportion of the motoneurones of the muscle is available 
for each of the afferent nerves excitatory of it. In deriving this 
proportion we remember that even under maximal stimulation of 
the afferent nerve some of the motor units engaged will, in the 
majority of instances and especially where the afferent is of small 
effect, not be driven to their full tetanus. The ratio of reflex con¬ 
traction to maximal contraction will therefore understate the actual 
proportion of engaged motoneurones. Where the average tetanic 
contraction-value of the individual motor unit is known, the 
number of motor units at the disposal of the afferent nerve can be 
approximately assessed (p. 23). In the aggregate of motor units 
composing a muscle the fractions belonging to various individual 
afferent nerves overlap largely. The motoneurones operated 
by a large afferent may include the whole of those operated by 
another afferent nerve anatomically distinct from it. 

The sum of the largest reflex contractions severally obtain¬ 
able from the branches of an afferent nerve greatly exceeds 
the largest reflex contraction obtainable from the parent nerve 
composed of those branches. The increments of reflex con¬ 
traction which accompany successive additions of fibres stimu¬ 
lated in a given afferent nerve will ceteris paribus decrease 
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if for no other reason than that the fresh fibres added are 
as to their central terminations overlapped more and more by 
afferent fibres already in action. The same relation obtains 
when a skin area used for reflex excitation is successively en¬ 
larged; to double the skin area does not ceteris paribus double 
the reflex response. 

Each increase of the stimulus of the afferent nerve, bringing 
enlargement of the centripetal volley, widens the fractional field 
of excitation in the motoneurone pool of the muscle. But the 
enlargement proceeds by increase in density of central excitation 
as well as by widening of the area excited. Central convergence 
and consequent summation make themselves felt throughout. 
Even at threshold and among afferent fibres belonging to two 
separate though adjacent nerves it is central, interaction which 
establishes the actual threshold itself [190, 77]. The reflex 
threshold is therefore a central threshold, i.e. not the thres¬ 
hold of the peripheral afferent nerve. Such central inter¬ 
action occurs between separate nerve-trunks and in the very 
genesis of their conjoint fractional field of excitation. Even more 
does it accompany the growth of the fractional field under 
increase of stimulation of a single nerve or during extension of 
a stimulated and continuous receptive field. To augment a reflex 
by increasing the stimulation of an afferent nerve already under 
stimulation and to augment it by concurrent stimulation of 
another afferent nerve are therefore two not very different steps. 
In either case, even where the change in afferent stimulation is 
purely one of extensity, i.e. number of fibres, the concomitant 
central change will, because of central overlap of the excited 
terminals with consequent summation and its effects, be a change 
of intensity as well as of extensity in the motoneurone pool of 
the muscle. To increase or reduce the number of motor units 
activated always involves changes in the intensity of excitation 
of motor units other than those actually recruited or shed. In 
the case of‘natural’ stimuli a change of extensity of the stimulus 
is commonly accompanied by change of intensity; then the 
centripetal stream of impulses becomes not only wider but 
more frequent, i.e. the individual trains of impulses come 
to consist of impulses following more closely one on another. 
Reflex adjustment by extensity, i.e. number of motoneurones 
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engaged, and by intensity, i.e. grade of excitation of the in¬ 
dividual motoneurone, are thus more than ever associated. 

Mention of the reflex centre as a summation apparatus hardly 
needs amplification here. Summation, the process, and evidence of it 
as a ‘central’ event, have been traced earlier (p. 31). There is summation 
of excitation at the motoneurone. The rate of firing of a motoneurone, 
often disparate from that of the centripetal volleys launched upon it, 
yet depends on the quantity of impulses arriving in a given time. 
Their excitatory effect is summed; the rate of discharge of the moto¬ 
neurone rises with increase of the centripetal impulse-stream. That 
increase can be due to increase (a) in the number of active channels 
converging upon the motoneurone, or ( b) in the number of impulses 
conducted in unit time per individual afferent channel. The ‘prin¬ 
ciple of convergence’ takes effect mainly through the former; in¬ 
tensity of adequate stimulus mainly through the latter. 

Grades of reflex excitation. 

The motor centre, to use an antiquated but expressive term, 
is a summation apparatus. That fact of itself precludes the grad¬ 
ing of muscular activation from being based solely on number of 
motor units. With extensity-grading must be associated inten¬ 
sity-grading, i.e. grading, arrived at by summation, of the rate 
of discharge of the individual motor unit. Even in a reflex so 
simple as a spinal flexion twitch evoked by a single centripetal 
volley while some motoneurones are activated some are excited 
only subliminally [77, 80]. Again, in the flexion reflex under 
a tetanic afferent stimulus there results along with tetanic 
activation of some motoneurones subliminal excitation of 
others [52]. Further, it can be shown that the reflex tetanic 
activation can be made maximal in the sense that some of the 
reflexly driven muscle-fibres are driven at their full tetanic 
contraction, the proof of this being that a concurrent reflex via 
another afferent, although competent to drive them of itself, 
does in fact contract them no further [52, 56]. Now, sub¬ 
liminal central excitation, i.e. central excitation too weak to 
cause centrifugal discharge to the muscle, and maximal central 
excitation, i.e. excitation intense enough to cause centrifugal 
discharge maximally tetanizing the muscle-fibres, are the two 
extremes of the scale of excitation. That both these extremes 
are in evidence in the motoneurone pool of a reflexly activated 
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muscle argues a wide range of graded reflex excitement. Reflex 
excitation exerts therefore upon the individual motoneurones 
degrees of excitation which differ widely from motoneurone to 
motoneurone. 

It was shown by Adrian [2] that the frequency of firing of a 
receptor organ and its nerve-fibre increases ceteris paribus with 
increase of intensity of the stimulation. Later, Adrian and 
Bronk [10] on the one hand, and Denny-Brown [63] on the other, 
by different methods and independently, succeeded in observing 
the reflex firing of individual motor units. They observed it 
to be of various rates in different motor units firing at the same 
time in the same muscle. 

Rates observed ranged from 6-7-5 P er sec - i n slow extensor 
muscles (Figs. 25, 27) and from 15 per sec. in the motor phrenic 
up to 60 and 86 per sec. (Fig. 4). Here, as with receptor-dis¬ 
charge, rate of firing indicates ceteris paribus degree of excita¬ 
tion. Thus in the phrenic the individual motor-fibre fires more 
rapidly with stronger inspiration [10]. With decerebrate soleus 
the isolated motor unit responds to increase of the contralateral 
stimulus by firing faster; under transient reflex inhibition its 
rate of firing slackens (Fig. 53) [63]. The different rates of 
firing among the motor units engaged in the same reflex indicate 
therefore that the reflex is operating on them with individually 
different degrees of excitation. 

Among the rates of reflex firing some are below that required 
for full tetanization of their muscle-fibres. Since the rate of 
firing increases with increasing reflex excitation this adjustment 
of the degree of imperfect tetanization contributes to quantitative 
adjustment of the reflex contraction. It is convenient to desig¬ 
nate as subtetanus [191] all tetanization which is imperfect and 
falls short of the rate at which mechanical fusion of the 
tetanus is complete, completeness meaning that no increase of 
frequency or strength of stimulus can increase the contraction 
tension further. Between rate of subtetanus and height of con¬ 
traction tension a definite relation holds, and this has been 
determined in the case of regular rates of subtetanization for 
some of the muscles commonly employed in reflex observations 
(Cooper and Eccles) [57]. The relation follows an S-shaped 
curve (Fig. 60). 
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Along with tetanus, subtetanus obtains in the reflexly ex¬ 
cited muscle. Some motoneurones will be firing at tetanic 
rates, others at subtetanic rates, and some not firing at all 
although under excitement; others, further, will not be firing 
because not under excitement at all. According to their state or 
grade of reflex excitation the engaged motoneurones are of 
three classes—‘subliminals’, ‘subtetanics’, and ‘maximals’. Each 
of these classes serves the quantitative adjustment of the reflex 
contraction, and each somewhat in its own way. In the sub- 
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Fig. 6o. Curve showing the effect of rate of stimulation on tetanus- 
tension of M. soleus. The values in sigmata under the rates are the intervals 
between stimuli at those rates. 



tetanies the two modes of adjustment (i) change in number 
of units engaged and (2) change in intensity of activation of 
the individual unit, both take part to the full; but in the two 
others the latter change acts only indirectly and in so far as it 
can induce the former. 

‘ Subliminals'. These may be regarded as the primary medium 
of recruitment. They mediate between activated centre and 
quiescent pool outside. The subliminal class is the seat of 
addition latente [189] and of the recruiting opening of the crossed 
extensor reflex. As ‘fringe’ [69] it recruits from the quiescent 
pool; back into that pool it sheds. Its relation to the supra¬ 
liminal field is sometimes illustrated under conditions strikingly 
simple [80, 191]. 

Two similar centripetal volleys are fired into the reflex centre in 
quick succession. Each volley when not following the other excites 
a reflex twitch indicating discharge of 13*8 per cent, of the motor 
units of the muscle. But when following on the other one volley adds 
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a tension indicating 22-5 per cent, of the motor units, i.e. a subliminal 
fringe of 87 per cent, traceable to the precurrent volley was dis¬ 
charged by the second volley. Increasing the size of the volleys 
changed the numbers to 22-9 per cent, and 9-2 per cent, respectively. 
With further increase of the volleys the discharge effected by each 
singly became 34-4 per cent, but the subliminal fringe as revealable by 
the second volley had almost disappeared. The units which had been 
subliminals with the smaller volley had with the larger centripetal 
volley become supraliminals. 

The d'emblee opening seen commonly in the spinal flexion reflex 
(Fig. 10) under direct faradic stimulation of a bared afferent nerve is 
not to be regarded as typical of ‘natural’ reflexes. The sudden out¬ 
burst into full tetanic activity on the part of many of the motor units 
activated is in a sense ‘artificial’. Cutaneous or proprioceptive 
stimuli are not easily imagined which will develop their effect 
rectangularly with the suddenness of a faradic current on an afferent 
nerve-trunk. The reflex excitement of a motor unit, even if it is to 
be high, commonly in natural reflexes rises gradually. 

The effectiveness of the subliminal fringe as a liaison between 
reflexes which, although separately barely effective, co-operate 
with success for muscular effects exemplifies the subliminals as 
an initial basis for recruitment of reflex activity. Thus, limb 
stimuli seemingly ineffective become effective by turning the 
head, though this latter is likewise ineffective when alone [17]. 

Summation being additive presents also a subtraction 
counterpart, ‘de-recruitment’. The slope of the post-stimula¬ 
tion termination .of a reflex is, owing to after-discharge, com¬ 
monly not abrupt. A fringe that has by summation been raised 
to supraliminal may persist supraliminally even after withdrawal 
of its original afferent stimulus if the concomitant afferent 
stimulus be sustained, ‘sustained facilitation’ (Eccles and 
Granit) [75]- I n the decerebrate preparation the crossed exten¬ 
sion reflex leaves behind it a temporary facilitation for the stretch 
reflex of the extensor muscle [122]. The final stage of activity 
in the centre, as its reflex subsides, must commonly be a state 
of subliminal excitation at the internuncial relays where those 
are involved. With ‘natural’ stimuli, e.g. skin pressure, the 
centripetal stream itself does not drop to zero with the abrupt¬ 
ness of a faradic stimulus withdrawn, so that the post-stimulation 
phase is then still less abrupt than in the faradized-nerve 
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form of the spinal flexion reflex. This latter therefore both at 
beginning and at ending presents artificiality. 

As to the proportion of subliminals to supraliminals in the 
excited centre, there are instances where the zvhole central effect, 
in weak reflexes, may as regards a particular muscle be sub¬ 
liminal. Above, an instance was given of a subliminal fringe 
nearly half as extensive as the whole activated fractior . 

In this instance, however, the values found for the fringe are 
artificially low. (1) The second stimulus following so closely must 
fall within the relative refractory phase of some of the afferent fibres 
just previously excited by the first single shock (Forbes) [89]. (2) The 
stimulus series being confined to two successive volleys, effective 
summation is more limited than where a longer serial iteration has 
play, as in the addition latente of the crossed extensor reflex. 

Very large subliminal fringes have been observed with the 
decerebrate extension reflex (Eccles and Granit) [75] under 
interaction of weak tetanic stimuli with pairs of allied contra¬ 
lateral nerves as afferents. The labyrinth reflexes have large 
fringes [17] for the extensor muscles of the hind limb, and so also 
Rademaker’s plantar reflex [63]. With these last two sources the 
degree of excitation at command seems predominantly of lower 
rather than of higher grade, e.g. subliminals, and slower sub- 
tetanics rather than quicker subtetanics and maximals. Reflex 
sources differ not only in extensity of centrifugal distribution, 
i.e. number of motor units they affect in a given motoneurone 
pool, but also in the intensity of distribution upon the pool, i.e. 
the intensity of influence on the individual motor unit. There 
are thus afferent sources of low-grade influence, e.g. labyrinthine 
on limb-extensors, which are nevertheless of wide extent in their 
muscular field, and others of high-grade influence but restricted 
extent, e.g. a dorsal digital on limb flexors. In the instance 
(p. 119) with two single-shock stimuli (flexion reflex) the fringe 
shrank relatively as the stimulus was strengthened. Excep¬ 
tionally the spinal flexor (semitendinosus) responds maximally 
and in toto, so that all subliminals have been raised into 
maximals. Since, however, the reflex activates concurrently 
several synergic muscles, that does not say that the fringe is 
wanting altogether from the reflex. 

In the accompanying chart (Fig. 61) suppose an afferent nerve 

3820 


R 


122 


LOWER REFLEX CO-ORDINATION 


purely excitatory for the muscle in question, and that a break- 
shock series stimulating it be reduced in strength with consequent 
decrease in number of its stimulated fibres the decrease being 
among the smaller of the fibres previously excited. The field 



Fig. 6i. Scheme of distribution of excitement in a reflexly active moto- 
neurone pool of a muscle. Grades of excitement plotted against numbers of 
motoneurones [abscissa a a'] and of motor-units [abscissa b 6']. a 8 denotes 
excitements in active fraction of pool. 

and density of the exciting central terminals are thus reduced. 
If we imagine this to reduce existing excitements by a given, say 
just subliminal amount, we may sample its effect on the various 
motor units along the scale of excitation of the chart. Subjected 
to this reduction the old subliminal fringe drops out altogether. 
The total excited field thus shrinks, i.e. the point a in the 
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abscissa line aa lies less far to the left. A new subliminal fringe 
is formed from lower ‘subtetanics’ which under the change drop 
to subliminal grade. 

Conversely, if the stimulation of the afferent nerve be in¬ 
creased so as to heighten the number of excited fibres, es¬ 
pecially adding those of smaller calibre, the field and density 
of the exciting central terminals are augmented. Fresh moto- 
neurones are recruited from the quiescent ‘zero’ field. If now 
we suppose the increase of excitation such as to enhance existing 
excitements by a just subliminal amount, the existing subliminal 
fringe then disappears, being lifted into the subtetanic levels. 
The field of excitement is larger and the amount of muscular 
contraction is increased. 

The subtetanics . Here in each unit the integrated tension of 
contraction falls variously short of full tetanic. The shortage is 
of course greater the slower the wave succession. The scale of 
grading becomes progressively less open as full tetanus is ap¬ 
proached. A given increment of frequency of firing yields less 
increment of contraction tension in proportion as the frequency 
of firing is already high, until at last it yields no increase at all 
(occlusion) [52]. The frequency in some subtetanics can be 
lower than 10 per sec., though 60 per sec. be required for full 
tetanus. What percentage of the total of the engaged motor 
units in a given reflex may be driven subtetanically is difficult 
to ascertain. In the weak postural and crossed reflexes (de¬ 
cerebrate) of soleus search for separately registrable motor units 
not rarely fails to discover a single motor unit firing otherwise 
than in subtetanus. A slight increase in the. contralateral 
stimulus can be observed to cause, along with acceleration of one 
unit, the entrance into action of one or more fresh ones; or con¬ 
versely, slight weakening of the stimulus may bring cessation 
of the slower of the two units with slackening of the beat of the 
faster one. The change observed is predominantly consensual. 
This suggests that the limits of difference at any one time are 
not extreme. 

Here again adjustment of amount of contraction includes ad¬ 
justment both of the number of contracting units and of degree 
of contraction of the individual unit, i.e. proceeds by extensity 
and intensity. Subtetanic activation preponderates character- 
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istically in the opening phase [io] of spinal and decerebrate 
reflexes, especially under ‘natural’ stimuli; also in the terminal 
phase as the reflex wanes away. If in the chart a small change 
of excitation be supposed, and its effect be sampled on various 
individuals of the subtetanic class, it is seen to adjust contraction 
by adjusting the rate of subtetanus. Further, if the change 
be increase, some subtetanics rise into, and so recruit, the ‘maxi- 
mals’ class; if decrease, some degrade to subliminals, and some 
maximals become subtetanics. 

Subtetanic contraction is tremulous. With a ‘power’ unit like 
that of gastrocnemius, which averages a contraction twitch of 
(cat) some 8 g. [78], its tremulous contraction, e.g. at 20 per sec. 
or less, must threaten the steadiness of the whole muscle. But 
this defect is lessened by the various subtetanized units being 
out of phase one with another. Inherent also in the operation 
of the subtetanized motor units is some waste of work, a waste 
which has been examined quantitatively by Bronk [33]. 

The maximals. In this group each unit yields full contraction, 
hence all additional excitement lays aside its mechanical equi¬ 
valent, and all reduction of excitement short of removal of its 
units from the group altogether makes, as regards contraction- 
value, no difference. Each motor unit added to the group means 
increase on previous contraction and each removed from it means 
contraction lessened. In this group therefore adjustment of 
contraction is purely by extensity, i.e. by adjustment of number 
of units. This-group accounts mainly for the occlusion of con¬ 
traction which characteristically and commonly results under con¬ 
currence of spinal reflexes activating the same muscle (Fig. 11). 

In weak reflexes, for instance in weak postural reflexes, there 
may be no maximals at all. The maximals grow prominent with 
strengthening of the reflex. In a strong reflex there may be none 
but ‘maximals’ in the entire motoneurone pool of a muscle [51, 
52] as driven in laboratory experiment. Thus there is in the 
relation between increase of reflex contraction and increase of 
reflex stimulation some resemblance to the approximately 
logarithmic ratio between increment of sensation and incre¬ 
ment of stimulus. The difference of contraction which a given 
increase or decrease of excitation occasions in a motor unit is less 
according as that unit already lies high in the scale of excited 
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states; once the unit is in the maximals increment of excitation 
causes no difference of contraction tension at all. A maximally 
run unit is ceteris paribus more economical than a subtetanic, 
since the contraction tension is maintained at relatively smaller 
expenditure of energy. 

The motor centre even at its spinal simplest is more than a 
mere passive relay forwarding impulses on their way out to 
their muscle. It is an instrument which always actively 
summates the excitatory effects of its incoming impulses; on that 
quantitative basis it starts new impulses, and quantitatively ad¬ 
justs the reflex contraction. Thus is varied the number of moto- 
neurones engaged, and thus a whole scale of grades of excite¬ 
ment are exerted on the individual motoneurone. 

Under full natural conditions the grading does not end with 
that. We have then to envisage the further interplay between 
the graded excitation and graded inhibition coincident con¬ 
currently on the centre. 

Quantitative course of a simple reflex. 

In the course of a reflex a given motoneurone climbs and then 
descends the scale of excitements [10]. The rate of discharge of 
the individual motor unit alters during the course of the reflex. 
An outstanding instance is the progressive increase of rate ac¬ 
companying the opening phase of many spinal and decerebrate 
reflexes, especially when provoked by natural stimuli. The rate 
of firing of the unit is found to ascend the subtetanic scale and 
enter, it may be, ‘maximal’ grade (60 per sec.) in the course, it 
may be, of some 5 sec.; thus, in the decerebrate extensor reflex 
from a pinch of the opposite foot. In the spinal flexion reflex 
under a mechanical skin stimulus a similar course is run; the 
divergence which is so striking between this flexion reflex and 
the crossed extension reflex, as regards their opening phases 
when evoked by tetanization of a bared afferent nerve, largely 
disappears when a mechanical skin stimulus is used. 

The abrupt onset of contraction of the spinal flexion reflex in 
response to a tetanizing current applied to the bared afferent 
nerve occurs by reason of the motor units entering into their 
full activity at once, in accord with the form of the centripetal 
stream received from the afferent nerve; in this latter the 
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‘rectangular’ stimulus excites its full measure of fibres at once 
and continues to do so at the experimentally imposed tetanizing 
rate. The d’emblee opening of the reflex response is thus arti¬ 
ficial in the sense that it can hardly occur under ‘natural’ stimuli. 
But its occurrence shows that the reflex discharge conforms in 
this case fairly faithfully in quantitative course to the centripetal 
impulse-stream evoking it. The reflex contraction as evoked by 
a tetanizing current is sometimes almost indistinguishable from 
the tetanic contraction to a stimulus of like rate applied to the 
motor-nerve [117]. 

The d'emblee opening of the myogram of the spinal flexion 
reflex is sometimes more rectangular than even its standard of 
comparison, the motor tetanus. Where the interval between the 
successive break-shocks allows the tracing of the successive steps 
of the contraction response, the second step (response to second 
centripetal volley) may then be found to be much smaller than 
its predecessor [190]. The first step of the ascent of tension is 
relatively high to the next succeeding. This gives an abrupt 
turn from the ascent to the plateau accentuating further the 
d'emblee character. This accentuation of the d'emblee form is 
a still further departure from the ‘natural’, being an outcome of 
artificial admixture of inhibition and excitation. Yet although 
artificial, it is none the less the correct product of an efficiently 
working reflex centre of simple type dealing faithfully with an 
artificial form of stimulus. It is a correct answer, so to say, to an 
improper or wrong question. 

On the other hand, the crossed extensor reflex presents com¬ 
monly the recruiting commencement (p. 63) which is the very 
opposite of the d'emblee , and yet its recruitment as usually ob¬ 
tained appears again to be an artefact. The recruitment is very 
variable in its progress; sometimes it proceeds extremely slowly. 
It too seems to represent a conflict between inhibition and 
excitation, the former obstructing the very outset of the latter. 
In its extreme form this reflex result assumes a character which 
is obviously unnatural. Here the unnatural character of the 
stimulation, namely, wholesale excitation of the admixed fibres 
of a large afferent nerve-trunk, is again to be held responsible; 
a thoroughly artificial stimulus admixing excitation and inhibi¬ 
tion grossly and causing an unnatural muscular result. 
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The denial of normal co-ordination to these reflex responses, which 
after all are orderly, may seem unwarranted. The suggestion is, how¬ 
ever, not that they are wholly inco-ordinate. The ‘centre’ subjects to 
co-ordination whatever passes through it, i.e. whatever reflex stream 
it deals with. In other words every motor discharge it delivers, every 
muscular contraction it produces, is in so far a co-ordinated product. 
It is, in a sense, true to say that every reflex discharge is co-ordinate; 
and such assertion has the merit of clearly recognizing that reflex 
co-ordination has its degrees. 

The submission to the spinal ‘centre’ of abnormal and ‘artificially’ 
consorted streams of centripetal impulses, c.g. under naked nerve 
faradization, does not result in wholly ‘inco-ordinate’ contraction. 
The ‘jet’ reflex, the ‘reversal’ responses, ‘rebounds’, the hesitating 
recruitment of some extensor reflexes and so on, are not inco-ordinate 
reflexes although not examples of normal co-ordination. Responses 
manufactured by elementary co-ordination from thoroughly abnormal 
ingredient stimuli are faulty, but they teach certain facts about 
elementary co-ordination, perhaps, peculiarly well. 

At the same time it is to be remembered that ‘recruitment’ 
does appear under ‘natural’ stimulation, and not only as the 
result of the centripetal stream itself under a ‘natural’ stimulus 
having an ‘increasing’ opening. That alone does not account for 
the whole recruitment, because its characteristic course dis¬ 
appears on deafferenting the reacting muscle (p. 136), e.g. in 
Philippson’s reflex. 

Philippson’s reflex as originally observed was extension on one 
knee in the chronic spinal dog evoked by passive flexion of the other. 
It was shown subsequently that it can be well obtained in the acute 
decerebrate preparation [177]. In the manipulation the pressure 
exerted on the skin is not an essential part of the stimulus. The reflex 
is of proprioceptive source, for it is found [177] to be obtainable in 
the decerebrate preparation with the vasto-crureus nerve only 
remaining on one side and the motor-nerve to vasto-crureus only on 
the other. In the cat it operates the crossed soleus as well as the 
vasto-crureus. 

The spinal reflex excited in tibialis anticus by a pressure 
applied to a digit shows a gradual opening; contraction and 
action-currents increase progressively, even after a spring clip 
quickly attached. The centripetal flow itself, to judge from 
Adrian’s observations, grows in rate and volume. The reflex 
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centre’s discharge follows this course of inflow sufficiently 
faithfully for the muscular contraction broadly to correspond 
with it. 

Again, the reflex contraction from the spring clip left in posi¬ 
tion quite quickly dwindles (acute spinal preparation), although 
in the same experiment faradic stimulation of an adjacent 
plantar nerve filament maintains a plateau-contraction of about 
the same height with little decline for a longer period. Cessation 
of the digital pinch is followed by reflex discharge for much 
longer than is cessation of the faradic stimulus of the bared 
nerve. The above three features distinguishing the form of the 
‘spinal’ flexor discharge evoked by a ‘pinch’ from that by a 
faradized afferent nerve, all seem traceable to the difference in 
volume and course of the centripetal impulse-stream obtaining 
for the two. The relatively gradual opening and decline of such a 
‘natural’ reflex, involving and releasing its motor units smoothly, 
bears resemblance in quantitative course to the central dis¬ 
charge, e.g. into an inspiratory muscle, under normal rhythmic 
activation. 

Plurimuscular combination in the reflex. 

In dealing with the overlapping and gradual engagement of 
the motoneurones in a reflex it was simpler to treat the moto- 
neurone pool as that of a single muscle. But a reflex always in 
fact engages more than one muscle. The ‘motor centre’ is 
plurimuscular. Thus, in the protective reflex of flexion, in 
response to harmful stimulation of the foot, flexors of hip, knee, 
and ankle are activated together. The advantage for the 
effect in view is obvious. On close examination a stimulus 
applied to the focal area [178] of the receptive field of the 
reflex excites practically synchronously the main flexors of 
hip and knee and ankle. With increase of stimulus and reflex 
the degree of engagement extends in each muscle, though not 
necessarily pari passu in all [58]. With electrical stimuli of the 
bared afferent nerves the result is similar, except that the reflex 
result is less homogeneous, the protective flexion may be mixed 
with flexion-phase of step, with ipselateral extension, &c. 

The quantitative adjustment of the reflex contraction involves 
therefore co-adjustment in the motoneurone pools of several 
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muscles. In great part this, in a simple spinal reflex, seems 
referable to actual central distribution of the afferent nerve- 
fibres. The afferent fibre branches intraspinally and its central 
terminals have plurimuscular distribution, in the sense that 
indirectly or directly they serve to excite motoneurones of 
several synergic muscles. The co-adjustment of the synergic 
muscles is also helped by proprioceptive reflexes initiated by and 
from the active muscles themselves. Thus, the reflex combina¬ 
tion of synergic muscles, e.g. of one limb-flexor with another, is 
reinforced by the proprioceptive reflex of one flexor exciting 
another flexor. The active contraction of a flexor, especially 
against resistance, evokes through proprioceptors of that flexor 
muscle reflex activation of other flexors [53, 55]. Thus, con¬ 
traction of tibialis anticus (ankle flexor) evokes reflexly a 
contraction of sartorius (knee and hip flexor). The stretch reflex 
from passive stretch evoked in the knee-extensor, vastus 
internus, spreads its excitatory effect to the synergic ankle- 
extensor, soleus [63]. The ‘lengthening’ reaction of one vasto- 
crureus has as concomitant an active postural contraction of the 
other vasto-crureus [177]. 

The executant musculature itself thus provides a reflex means 
of supporting or reinforcing the co-operation of flexors with 
flexors, extensors with extensors, &c. The proprioceptors of 
reacting muscles operate reflexly upon other muscles of near 
functional relation to themselves. Active contraction (including 
active stretch) and passive stretch in the reacting muscles are 
stimuli for reflexes influencing other muscles, and the reflex 
influence so exerted is on some muscles excitatory and on others 
inhibitory [55, 62]; it is largely reciprocally distributed, knitting 
synergists together. 

RECIPROCAL INNERVATION 

Reflexes finding expression in the skeletal musculature have 
a field inhibitory as well as excitatory; and the distribution of 
the central process is for inhibition plurimuscular as it is for 
excitation. In the nociceptive reflex of the hind limb the in¬ 
hibitory side of the reflex has been observed to include the 
following muscles [178]: vasti, crureus, rectus femoris, gastro¬ 
cnemius, soleus, semimembranosus, biceps femoris (posterior 
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portion), quadratus femoris, adductor magnus (a part of), ad¬ 
ductor minor. 

The inhibitory central field commonly includes the moto- 
neurone pools of muscles directly antagonistic to those excited 
(reciprocal innervation). Intraspinal branching of the afferent 

root-fibres probably goes far to 
secure this. The arrangement 
would then be much as though 
the scheme which in Astacus is 
peripheral and efferent to the 
antagonistic muscles of the claw 
were here inverted and afferent 
and distributed centrally to an¬ 
tagonistic motoneurones. If so 
it would seem that co-operative 
contraction of such directly an¬ 
tagonistic muscles will always 
involve admixture of inhibition 
with excitation. 

The field which is excitatory 
engages motoneurones overlapped 
by inhibitory fields, of other re¬ 
flexes ; so also the inhibitory field 
overlaps the excitatory of other 
reflexes. Opposition between cen¬ 
tral excitation and central inhibi¬ 
tion is quantitative; a grading of 
reflex activation of a muscle is thus 
obtainable not only by grading of 
excitation but also by grading of 
inhibition. When two afferents, one excitatory the other in¬ 
hibitory, for a given muscle are concurrently stimulated, adjust¬ 
ment of the amount of resultant contraction is possible over a 
wide range by adjusting the strength of stimulation of either or 
of both the nerves (Fig. 62). 

The resultant contraction taken in its aggregate effect upon 
the muscle exhibits a compromise between the two opposed 
effects, an‘algebraical summation’ of them [174]. The inhibitory 
subtraction from the excitatory field is in fact composed of 



Fig. 62. Algebraic summation 
of excitatory and inhibitory re¬ 
flexes on the same muscle, de¬ 
cerebrate vasto-crureus. Upper 
signal / marks period of stimula¬ 
tion by a break-shock series at 30 
per sec. of the ipselateral peroneal 
afferent. Lower signal E marks 
similar stimulation of the con¬ 
tralateral popliteal afferent. 
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effects taking place in the units of the field as a group in one or 
both of two ways: (a) total suppression of the centrifugal dis¬ 
charge of the motoneurone with corresponding relaxation of the 
corresponding muscle-fibres, ( b ) slackening of the tetanic or 
subtetanic discharge of the motoneurone with partial relaxation 
of the corresponding muscle-fibres (see Fig. 61). A twitch reflex 
can similarly be diminished by adjusting the strength of a single¬ 
shock inhibitory volley. In this instance the grading is wholly 
by variation of the number of motor units suppressed. 

Reflex inhibition can grade the amplitude of rhythmic reflexes, 
e.g. spinal stepping; but it has never been observed to alter the 
rate of rhythm of ‘scratching’, although it can readily suppress the 
scratching altogether. 

In respect to reciprocal innervation distinction has to be 
drawn between antagonists and pseud-antagonists. A muscle 
which by fixing a joint enhances the effect of another muscle 
crossing that joint to act on a further one, is said to be the latter 
muscle’s pseud-antagonist. In simple reflex flexion of the knee 
semitendinosus , a knee flexor, contracts, while vasto-crureus , the 
knee-extensor, relaxes (reciprocal innervation). But at hip 
semitendinosus is an extensor, and the reflex taxis throws it and 
the hip flexors into contraction together. The hip flexors by 
preventing hip-extension antagonize semitendinosus in its action 
at the hip but enhance it as a flexor of the knee. Similarly, 
gastrocnemius has at ankle a true antagonist in tibialis anticus, 
and reciprocal innervation holds between them; but at knee 
gastrocnemius has a pseud-antagonist in vasto-crureus, and 
reflex co-contraction obtains between them. That gastro¬ 
cnemius itself, a double-joint muscle, crosses the flexor aspect 
of the knee makes it, even when passive and still more so when 
active, a ‘muscular ligament’ enabling the quadriceps extensor 
of the knee to extend powerfully not only the knee but the 
ankle. Pseud-antagonism is really a form of synergism and 
reflex co-ordination deals with it as with other synergism not by 
reciprocal innervation but by co-contraction. 

Examination of‘reciprocal innervation’ by the myograph intro¬ 
duces the artificial conditions that contraction of one antagonist, 
e.g. the shortening of the ‘prime mover’, no longer pulls on the 
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opponent, e.g. no longer exerts stretch of it, the muscles for 
attachment to the myograph being freed from their natural inser¬ 
tions. Taking as instance the reflex flexion of knee evoked by a 
nociceptive stimulus applied to the foot in the decerebrate pre¬ 
paration ; the contraction of the knee-flexor is then accompanied 
by the well-known inhibitory relaxation of the knee-extensor as 
examined by the myograph. If, however, the muscles were still 
attached to the leg the flexor’s action would entail pull upon the 
extensor, and such pull is the adequate stimulus for the stretch 
reflex of the extensor. The reciprocal inhibition of the extensor 
will then be faced by an access of reflex excitation from the 
stretch. Under the artificially simplified conditions of the 
myographic examination this excitation is not present. There 
is also the contingency of a ‘lengthening reaction’ in the pulled 
extensor (autogenous inhibition). The reciprocal inhibition may 
be thought of as itself too potent to allow the further stretch 
to operate reflexly. But such a point cannot be discounted in 
the consideration of co-ordination until direct experimental 
evidence has shown neglect of it to be permissible. 

With the antagonists at the ankle Graham Brown [41] has 
observed that with the two opposed muscles, detached and 
separately recording their contractions isotonically against light 
resistance (10 grm.) and operated reflexly by successive stimuli 
in a series of graded strengths, the active shortening of the one 
muscle added to the relaxation-lengthening of the other sum 
for each observation of the series to the same figure throughout 
the series. The percentage contraction of the one runs a course 
which is in percentage of the total just converse to that of the 
inhibitory relaxation of the other. Did this represent a universal 
rule it would be possible to assess inco-ordination by departure 
from it. No ‘double-joint’ head of a muscle consists of fibres of 
the ‘slow’ contraction type, and the ‘rapid’ head of a muscle 
lies superficial. Hence each ‘slow’ muscle (knee, ankle, shoulder, 
elbow) has attached to its tendon a ‘quick’ muscle often of double¬ 
joint disposition. The functional significance of ‘slow’ muscle 
has been discussed earlier (pp. 57-60, 78). 

There is, further, ‘double reciprocal innervation’ [175] where 
a pair of opponent muscles are under the influence of two con¬ 
current stimuli each of which treats the antagonistic muscles on 
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the reciprocal plan but is itself individually opposed to the other 
stimulus in the direction of its influence on those muscles. Reci¬ 
procal innervation need not imply that of two antagonist muscles 
both cannot be in contraction at the same time ; rather it implies 
that they are. Its characteristic is that increase of contraction 
in one member of the paired set goes with decrease of contrac¬ 
tion in the other. But cases occur where in neither of the two 
antagonists does outward change of contraction ensue although 
the innervation is changing. A peculiarly simple type instance 
of this is that of the eye, where a fixated object approaches along 
the line of vision of one eye. Unchanging conjugate deviation 
is then concurrent with increasing convergence, the former 
activating, e.g. lateral rectus, the latter medial rectus. Reciprocal 
innervation obtains for these muscles [156, 157], and thus for 
the medial rectus of the unmoved eye increasing excitation from 
one source (convergence) combines with balanced inhibition 
from the other source. 

The inhibitory effect on antagonists (i.e. on the ‘half-centres’ 
of Graham Brown) which assures reciprocal innervation seems 
a central disposition as direct as that securing excitation. But 
this arrangement is enlarged and reinforced by proprioceptive 
reflexes interacting between, e.g. limb muscles (p. 129). Thus, 
severance of the hamstring nerve (dog, cat) heightens the reflex 
contraction of its antagonist muscle, quadriceps [154,155]; weak 
stimulation of that nerve inhibits knee-jerk and knee-tonus [155, 
168]. Active contraction of the hamstring muscles gives reflex 
inhibition of quadriceps [55, 154]: stretching or kneading of 
semimembranosus gives reflex inhibition of knee-jerk [154]: 
stretching of posterior biceps gives reflex inhibition of vasto- 
crureus stretch reflex [120]. A stretch in one extensor, causing 
a ‘lengthening reaction’ in it, causes inhibition of a stretch reflex 
present in another extensor [62]. 

Reciprocal innervations occur in reflex co-ordination of sym¬ 
metrical right and left muscles as pairs (Fig. 63); for instance, in 
the knee-extensors or the hip flexors reflexly operated from limb 
afferents of either hind limb [179]. Here the crossed effect 
which is the reciprocal of the ipselateral involves an internuncial 
neurone, and is less stable, i.e. more easily disturbed by com¬ 
petitive reflexes, than in reciprocal innervation of true antago- 
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nists. So also with the sternomastoids as reflexly operated by 
cervical afferents. The medial and lateral eyeball recti exhibit 
reciprocal innervation in reflex vestibular nystagmus [73, 112, 
113]; also under cortical stimulation directingthe gaze[i57],and 
under willed direction of it [1]. The rhythmic reflexes of the 
‘scratch’ and of stepping exhibit ‘reciprocal innervation’ in their 
prime movers at ankle, and probably at other joints. 

‘Double reciprocal innervation’ provides good instances of 
the concurrent presence of reflex excitation in muscles of op¬ 
posed effect, the admixture of excitation and inhibition being 



Fig. 63. Decerebrate vasto-crurei, right and left; reciprocal rhythmic 
contractions and inhibitory relaxations evoked in the right and left muscles by 
concurrent faradization of the right and left peroneal nerves (afferent). 


here more normally distributed than under stimulation of a 
single afferent. Quantitative estimation of an inhibitory reflex 
has to reckon with the fact that inhibition can only docu¬ 
ment itself against excitement, e.g. as relaxation of contrac¬ 
tion. Of a central field of inhibition that portion if any which 
corresponds with unexcited portions of, for instance, a reflexly 
reacting motoneurone pool will not give any evidence of its 
existence by effect on the reflex contraction. This is the ‘in¬ 
effective inhibition’ of Graham Brown [39]. With weak inhibi¬ 
tion and weak excitation exerted concurrently on the same moto¬ 
neurone pool each may affect motoneurones unaffected by the 
other [59], and there will in so far be no evidence of the weak in¬ 
hibition . With strong stimulation, however, of even small afferent 
nerves the central inhibition they induce can cover fractions of 
the motor centre larger than those which the excitatory field of 
the afferent correspondingly stimulated can attain [59]. When 
the reciprocal extensor inhibition adjunct to a constant sub- 
maximal flexion reflex is pitted against extensor tonic reflexes 
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of different magnitudes the inhibitory relaxations are greater 
the greater the extensor contraction. Isotonically registered the 
relaxation removes at each assay approximately the same pro¬ 
portion of the several contractions offered [40, 41]. There are 
therefore cases where the grade of inhibition, compounded both 
of numbers and intensities of units though it be, is, when 
sampled in larger and larger pieces, found spread evenly 
throughout a great range of excitation. 

‘Co-contraction’ is a frequent normal feature of reflex ‘fixa¬ 
tion’ of joints, e.g. in the supporting reaction of the fore-limbs 
[143, 145) 1 53] * I n standing the apex of the limb is fixated by 
synergic contraction of antagonists. The mutual co-ordination 
of antagonists at more proximal joints also is in postural fixa¬ 
tion, e.g. standing, quite other than in movements, in which 
latter reciprocal innervation prevails. Sharp distinction between 
the two forms of co-ordination, reciprocal innervation and co¬ 
contraction, is difficult in the case of double-joint muscles, and 
especially in those of opposed effect on their two joints respec¬ 
tively, e.g. rectus femoris a flexor at hip and an extensor at knee; 
contraction here of the muscle isolated for the myograph may 
be equivocal in significance as between its action as a prime 
mover or a fixator. Moreover, postural action occurs not merely 
in the intervals between movements but commonly is con¬ 
currently commingled with them (Cobb). 

SPEED OF MOVEMENT 

With isotonic records of reflex contraction the rate of shorten¬ 
ing, i.e. the speed of movement, increases, other things equal, 
with intensity of the reflex stimulation. Isometric observations 
are of course less suitable for study of movement; in them 
tension, so to say, replaces movement. 

A remarkable alteration as to speed of movement of the re- 
flexly reacting muscle is observed after severance of the afferent 
nerves of the muscle itself [177] in the case of extensor muscles. 
To examine this it is needful to eschew isometry and to avoid 
using as reflex stimulus the faradization of a bared afferent 
nerve, this latter because the recruiting opening of the extensor 
reflex then obtained is largely traceable to and complicated by 
conflict of reflex excitation with inhibition owing to admixture 
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of inhibitory with excitatory afferents in the afferent nerve- 
trunk stimulated. The complication is avoided by using for evok¬ 
ing, e.g. the crossed extensor reflex, a natural stimulus, namely 
passive flexion of the opposite knee [177]. The passive flexion 
is exerted against the postural extension of the knee maintained 
by a tonic vasto-crureus, which has been preserved as the only 
sentient structure in the limb, e.g. right. The preparation is 
decerebrate, and the other limb, i.e. left, similarly prepared, is, 
making use of its plasticity of posture, set with some flexion at 
knee. Passive flexion of the extended right knee is then made; 
it excites reflex inhibition of its own vasto-crureus accompanied 
by reflex contraction of the contralateral vasto-crureus at the left 
knee. The extension movement executed by this latter pro¬ 
ceeds with a characteristic unabrupt deliberateness and passes 
smoothly over into a maintained posture without undue haste 
or overshoot from momentum. This reaction, when repeated 
with the one difference of condition that the contralateral, i.e. left 
extensor, has been deafferented, is executed obviously differently 
from before by that muscle, i.e. by left vasto-crureus; the move¬ 
ment originally smooth and deliberate has become an abrupt rush 
of sudden contraction, with development of momentum, and 
usually of exaggerated amplitude (Fig. 64). In the muscle with its 
afferents intact the course and speed of its reflex contraction is 
controlled by some ‘braking’ action attributable to propriocep- 
tives of the contracting muscle itself. The cutting of these 
entailed therefore a loss of some restraint which they exerted 
reflexly upon their own muscle during its contraction. It 
appears therefore that an extensor muscle, when contracting in 
adjustment of posture, ‘brakes’ its own speed of movement or 
tantamountly restrains its own rate of development of tension, 
and does this by reflexly controlling itself through some of its 
own proprioceptives (autogenous inhibition). 

There are several possible ways in which this might be 
effected. The reflex contraction of a muscle is a partial contrac¬ 
tion, and when with its afferents intact it partially contracts, and 
especially when it is allowed to shorten it replaces, in so far as 
proprioceptive stimulation is concerned, passive tension by 
active tension. A restricted extent of this latter may relieve 
a considerably larger extent of the former; the muscle as it con- 
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tracts would thus reduce a myotatic reinforcement. Severance 
of the afferents of the contracting muscle would bring loss both 
of myotatic reinforcement and of this means of reducing it were 
it present. On the other hand, among the proprioceptives of the 
extensor muscles are some which can reflexly inhibit the muscle’s 
own contraction [170], e.g. the lengthening reaction. The reflex 
contraction may excite these. The contraction of the knee-jerk 
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Fig. 64. Decerebrate vasto-crureus; reflex response to passive flexion of the 
contralateral knee before (A) and ( D ) after [48 days] severance of the afferent 
nerve-roots of the responding vasto-crureus muscle. A f continuance of A } 
60 seconds later. Isotonic myograph. Time, 1 sec. 

can excite from the muscle some centripetal impulses which are 
inhibitory of limb-extensors [62]. 

The muscle’s reflex response to an extraneous excitation 
brings in factors of co-ordination traceable to the proprioceptors 
of the muscle itself. These autogenous factors are of two kinds, 
one exerting on the motoneurones of their own muscle excita¬ 
tory influence, the other inhibitory. During their co-operation 
they interact with various grades of result. The ‘self-braking’ 
action as an attribute of normal extensor reflex response thus 
finds its basis. In Fig. 64 the course of the undeafferented 
extensor muscle’s contraction under the ‘natural’ stimulus 
shows an evident‘recruiting’opening, though of less accentuated 
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type than is common when the crossed extensor reflex is 
operated by the‘unnatural’stimulation of a faradic series applied 
to a naked afferent nerve-trunk. In this latter case the slowly 
progressive recruitment was regarded (pp. 67, 126) as meaning 
a struggle between admixed excitation and inhibition. The 
milder restraint and quicker smooth recruitment under the 
‘natural’ stimulus, though partly due to peripheral afferent 
recruitment, indicates a normal and natural co-operation of 
excitation and inhibition which, since it disappears (Fig. 
64) when the muscle is deafferented, is an autogenous reflex 
product of the muscle itself and in so far is intrinsically 
operated by it. 

The explosive rush and momentum characterizing the effect 
of deafferenting the executant muscles in these low-level ex¬ 
tensor reflexes have their counterpart in the ataxy of tabes, and 
in similar features attaching even more strikingly to movements 
of a completely deafferented limb [191] acting under operation 
of the ‘will’. The resemblance of co-ordinative defect in the two 
indicates that the self-restraint observable in the decerebrate ex¬ 
tensor reflex and there abrogated by destruction of the extensor 
muscle’s own proprioceptives plays its part too in the muscular 
behaviour under the will, for there too it is abrogated by 
deafferenting the executant muscles. 

TREMOR 

With faradic series as stimuli applied to bared afferent nerves 
a tremor occurs in the reflex contraction corresponding in fre¬ 
quency with that of the stimulus series unless that frequency is 
above a certain rate. This may occur with frequencies as high 
even as 95 a second. It is a feature traceable to the artificial 
stimulation employed. It results from the synchronism of the 
rhythm of excitation which these artificial stimuli impose 
directly on the afferent nerve-fibres, a synchronism to which 
natural stimuli applied to specific receptors offer little counter¬ 
part. The stimulation tremor does not arise to equal extent in 
all reflexes; under the same rate of serial stimulation there is 
much difference between the spinal flexor reflex and the crossed 
extensor reflex [116]. In the latter the centripetal impulse 
volley, acting through an internuncial relay as it does, tends to 
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temporal spread in its effect on the motoneurone and its primary 
rhythm is confused and smothered both in myograph and gal¬ 
vanometer at lower frequencies than in the flexor reflex. The 
prominence of stimulus rhythm in the decerebrate extensor 
reflex is favoured (Fig. 65) by deafferenting the muscle [177], 
the smothering by secondary waves is therefore in part at least 
a proprioceptive reaction arising in the reacting muscle itself; 
that is, the contraction is steadied by means of a regulated 



Fig. 65. Decerebrate vasto-crureus; crossed reflex excited by a series of 
break-shocks at 8 per sec. to the afferent popliteal nerve. A , normal muscle; 
B , fellow muscle deafferented 82 days. Time, 0-25 sec. 

proprioceptive process taking origin in the reacting muscle 
itself. 

The rhythm of an inhibitory stimulus can also make itself 
evident in a reflex contraction [97, 171]. This is seen especially 
where the inhibition is relatively weak, e.g. the same inhibitory 
stimulus which will smoothly relax the weakly rigid knee- 
extensor will against the strongly rigid produce a partial and 
tremulous relaxation—the rate of tremor being that of the 
inhibitory stimulus. 

The contraction of decerebrate rigidity, enduring hour after 
hour as it will, is not, when minutely examined by the isotonic 
myograph, perfectly steady. During gradual increase or de¬ 
crease it presents little steps of shortening or lengthening of 
the muscle. The tremor of its subtetanic units is obviated 
by their asynchronism. Gross clonus is easily developed from 
it, in the manner described above (p. 61, Fig. 29). 
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DIRECTION OF MOVEMENT; ORIENTATION OF POSTURE 

For correctness of reflex co-ordination an acid test is whether 
the act duly attains its end. To apply this test the end must 
of course be known; and in some cases we know it sufficiently. 
When a fly alighting on the bulbo-spinal cat’s pinna excites 
and is flicked off by the pinna reflex we may suppose that 
the movement has met its purpose. Again, when the spinal 
limb’s flexion reflex, evoked by taking hold of or fixing a 
clip to the foot, succeeds through this-and-that way strug¬ 
gling in freeing the foot or flinging off the clip, the co¬ 
ordination can be judged as adequate for its end. But as to 
whether a knee-jerk is duly co-ordinate or not we have no 
criterion of ‘end’ to apply. Clue to ‘aim’ of a reflex strengthens 
with complexity of the reflex [182]. A gain secured by the 
plurimuscular co-operation inherent in reflexes is finer adjust¬ 
ment of direction of movement or of orientation of posture. 
Hence, refined evidence for assessing reflex co-ordination can 
be expected where direction of reflex movement can be judged 
as to rightness. This is especially possible where reflexes 
exhibit ‘local sign’ [162], i.e. where the reflex movement is 
specifically orientated in relation to the position of the peripheral 
stimulus. 

The scratch reflex adjusts the direction of the hind foot so as to 
reach this or that point in an area of skin covering the side of the 
neck, chest, and flank, and extending from the ear to the loin. As 
a spinal reflex it can activate many muscles at a time, e.g. 36 have 
been observed. It combines alternating movement and steady 
posture; its posture coexisting with its movement. There is the 
rhythmic scratching movement involving digits, ankle, knee, and 
hip: there is further the postural flexion of the limb as a whole, 
and steady incurvation of the body with neck deviated and head 
partly turned back for the foot more readily to reach it. In the 
chronic ‘spinal’ dog the postural direction of the scratching 
limb noticeably follows the location of the stimulus in the recep¬ 
tive field; the scratching foot attains rarely, it is true, the actual 
locus of the stimulus. Deafferentation of the scratching limb 
[167] in the chronic spinal dog does not obviously impair the 
rhythmic movement and actually favours the ease of elicitation 
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of the reflex; but it does impair the orientation of the reflex to 
local sign. The foot misses the seat of stimulation more widely. 

In the acute spinal preparation, e.g. in the decapitated cat, even 
without deafferentation, the misdirection of the scratching foot 
is often gross; and this is not wholly from loss of concomitant 
posture in the neck and head, for the scratching foot may 
operate in the air quite out of range of positions the receptive 
field could ever occupy. This impairment of orientation to ‘local 
sign’ contrasts with the slightness of impairment of the rhythmic 
movement itself; rate of rhythm is not altered nor its extent. In 
the decerebrate preparation the scratch reflex is less easily 
evoked than in the decapitate, but when one hind limb has been 
deafferented the reflex is more easily evoked from that limb, but 
exhibits the grosser lack of orientation to ‘local sign’; so simi¬ 
larly in the chronic spinal dog. The inference is less that the 
afferents of the scratching limb supply guidance for the direction 
of its movements in accordance with ‘local sign’, than that that 
direction demands a more normal state of the limb-muscle 
centres in respect of balance, and especially of postural balance, 
e.g. between flexors and extensors, than the spinal or decere¬ 
brate preparation provides. That this defect is increased by 
deafferenting the limb-muscles is to be expected. It gives shrewd 
indication of the extent to which the execution of even a con¬ 
scious act must be based upon, and therefore at the mercy of, 
automatic and proprioceptive co-ordination of bulbospinal level. 

PHASES AND TURNING-POINTS; RHYTHMIC REFLEXES 

The normal transition from one reflex to another presents a 
problem in reflex taxis. In the laboratory the experimentally 
isolated reflex is brought to conclusion by withdrawal of some 
singly operating stimulus. This procedure bears little resem¬ 
blance to natural conditions where commonly many stimuli are 
at work together and each dominant one treads on the heel of 
a previously dominant; there reflex sequence is obtained against 
a background far from quiescent or unoccupied; and yet that 
sequence proceeds without confusion. Pattern succeeds pattern. 
The isolated reflex observed in the laboratory against a back¬ 
ground of quiescence does not usually subside immediately on 
cessation of its stimulus. It has after-discharge. That after- 
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discharge is, however, little resistent to inhibition. A new incom¬ 
ing reflex, opposed in direction to its predecessor, can remove 
any hampering or blocking after-discharge by the reciprocal in¬ 
hibition which is part of itself (p. 129); just as, conversely, its 
excitation breaks through inhibitory after-action, which latter 
can be as marked as is excitatory after-discharge. 

Sequence of reflexes is sometimes secured by the first reflex 
bringing about application of a stimulus which then excites a 
second reflex, and so on. Such is the restimulation of the scratch 
reflex by itself [168], and the self-restimulation of the jaw reflex 
[183]. Such also are ‘chain-reflexes’. Again, with a sequence 
or train of allied reflexes there can be lowering of the 
threshold of each succeeding reflex by means of one just 
preceding it, e.g. in the scratch reflex by the spur-wheel or by 
a parasite travelling the receptive surface [167]. There the 
central subliminal response to the earlier stimulus facilitates 
response to the ensuing (positive successive induction) [168]. 
Conversely, a reflex, e.g. extension, may be favoured by pre- 
currence of an opposite reflex of flexion (negative successive 
induction) [165,168]. In this connexion interest attached to ‘re¬ 
bound’ as a possible liaison [183] between successive phases of 
reflexes of alternating direction. But the artificial character of 
the stimulations under which rebounds occur [94] makes their 
interpretation for co-ordination difficult, although they do 
operate in some ‘alternating’ reflexes, e.g. reflex biting [183]. 

‘Alternating’ [168] reflexes have the feature that the direction 
of movement holding for a phase in one sense is followed by 
a phase of opposite direction and this in turn by reversion to the 
earlier phase, and so on, the alternation proceeding under con¬ 
tinuance of the same unaltered stimulus. Some of the alternat¬ 
ing reflexes are of irregular alternation, e.g. the release reflex of 
the foot, the pinna reflex. A number of them are, however, 
regularly rhythmic, e.g. stepping, the scratch reflex, the shake 
reflex of the body, the shake reflex of the head, the to-and-fro 
snout reflex, biting reflex of lower jaw [22, 183]. In these the 
movement proves to be not merely the alternate contraction and 
relaxation of a single prime mover or set of such; it is operated 
by alternate contraction of two opposed sets of prime movers, 
contraction in the one alternating with contraction in the other. 
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The problem is how, under continuance of unaltered stimulation, 
does the initial contraction, e.g. of the flexor, instead of persist¬ 
ing during the maintained stimulus, die out despite that stimu¬ 
lus, and why, as it does so, does contraction of the extensor 
occur in its stead, again then to give way to flexion, and so on? 

There is still much to learn about this, but certain points have 
interest and bearing. 

(i) In the successive phases of the alternation (stepping, 
scratch) ‘reciprocal innervation’ obtains, i.e. while the flexors 



Fig. 66 . Stepping movements at the ankles right and left (cat) arising 
under deep ether-chloroform narcosis, and becoming more ample as the 
depth of narcosis decreased, until they suddenly ceased. Time, i sec. 


contract the extensors relax, and vice versa; sometimes a re¬ 
laxation phase shows complete absence of motor discharges. 

(2) The rhythm of alternation persists after deafferentation 
of the entire limb exhibiting the rhythm, e.g. scratch, step 
[37, 167, 178]. The ‘spinal’ limb ‘steps’ under a depth of 
narcosis which precludes reflex response to stimulation of the 
afferent nerves of the limb [37] (Fig. 66). The turning-point 
in these cases must be purely centrally operated. 

(3) With a freshly made spinal severance at the last thoracic 
segment serving as stimulus a regular stepping of the hind limb 
ensues even when both hind limbs have been deafferented and 
all the muscles, except two for recording, have been paralysed 
by nerve-section [35]. A single muscle isolatedly attached to the 
myograph, the rest of the musculature of both hind limbs having 
been paralysed and the isolated muscle itself deafferented, will 
still exhibit stepping, e.g. knee-extensor, in decerebrate prepara¬ 
tion [35, 180]. 
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(4) The automatic stepping of a hind limb under deep 
narcosis (cat) persists after cutting away the opposite half of the 
spinal cord in that limb region [37]. 

(5) The incidence of the turning-point, in short, the whole 
rhythm of the phase, both in the scratch and the stepping, is 
synchronous [x 68] throughout the entire field of musculature 
employed. The turning-point is not abrupt, either with the 
group or with the isolated deafferented muscle. Each phase 
presents a regular waxing and waning of activity. 

(6) Unipolar faradization of the aboral face of the lateral 
column of the cut spinal cord, e.g, cervical region, will excite 
‘scratch’ [148] or ‘stepping’ in the hind limbs [148], and does so 
in a deafferented hind limb [178]. As regards the stepping it 
can be bilateral under stimulation of one lateral column but is 
stronger in the ipselateral limb; it is of opposed phase in the two 
limbs, opening with flexion in the ipselateral limb, extension in 
the contralateral. Strengthening the spinal stimulation strength¬ 
ens the movement and quickens the rhythm, accelerating the 
recurrence of the turning-points. Strychnine in subconvulsive 
dose greatly facilitates the scratch reflex. In the cross-area of 
the cervical cord the stepping spot lies in the dorsal depth of the 
lateral column. Concurrent stimulations of the two points right 
and left reinforce each other’s effect on the hind limbs. The 
rhythm remains opposed in phase in the two limbs under the 
concurrent stimulation, unless the latter’s strength is pushed, 
when the rhythm can become synchronously similar in phase, 
i.e. galloping [191]. 

(7) In the chronic spinal preparation (e.g. dog, cat) stepping 
of the spinal hind limbs sets in when they hang pendent, thus 
practically excluding exteroceptive stimulation. It is better 
obtained with the spine vertical than horizontal, i.e. better with 
the inguinal fold and hip more stretched. This stepping persists, 
e.g. 20 minutes at a time, but stops at once [178] if either limb 
be passively supported in slight flexion at knee and hip, e.g. by 
the observer’s finger placed gently under the knee as the flexion 
phase at hip subsides, so that the limb no longer drops pendent. 
Both limbs then cease to step. This passive foreclosure of the 
extension phase in one limb annuls in some way the super¬ 
vention of the active flexion phase of the other limb, and this 
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latter hangs inactive. The ‘stepping’ remains thus suspended 
indefinitely, until the passively supported limb is, by removal 
of the support, allowed to drop into passive extension at hip 
and knee; then active flexion at once occurs in the other limb, 
and the stepping of both limbs recommences. This reaction is 
clearly reflex and appears as a converse to the lengthening re¬ 
action of the decerebrate preparation, where passive flexion of 
the tonic knee provokes, along with reflex relaxation of its own 
extensor, reflex contraction of the contralateral knee- and ankle- 
extensors. 

(8) The turning-point can be manufactured reflexly. This 
can be done by exerting on the motoneurones of the muscle 
the two opposed influences of reflex excitation and reflex 
inhibition concurrently and continuously and with a balanced 
intensity by stimulation of two symmetrical afferent nerves right 
and left, e.g. in the two hind limbs [36, 88, 180] (Fig. 63). 
Not only the turning-point but the regular succession of 
waxing and waning alternate phases of contraction and relaxa¬ 
tion is thus producible. Proprioceptive reactions from the 
rhythmically contracting and relaxing muscle itself are not 
required for this. It is obtainable with the completely de- 
afferented muscle [180]. Though dependent on the two 
streams of centripetal impulses the effect is essentially central. 
With the paired knee-extensors right and left of the decerebrate 
preparation the rhythms right and left can be synchronized 
together, but the concurrent phases are opposite in direction. 
By adjusting the strength of stimulation right and left, the one 
extensor can be kept inhibitorily relaxed while the other is in 
quick rhythmic action, i.e. one leg is kept drawn up while the 
other runs [180]. 

(9) In the decerebrate preparation under rigidity the scratch 
reflex and stepping are less easily obtainable than in the spinal. 
This may be because the limb flexors are then commonly under 
inhibitory restraint [196], while conversely the limb-extensors 
are under excitatory reinforcement. But in the decerebrate 
preparation stepping can be evoked by concurrent faradization 
of paired afferent nerves, e.g. peroneals in the hind limbs right 
and left. In the spinal preparation stimulation of one hind foot 
provokes stepping of the crossed limb; but in decerebrate 
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rigidity maintained crossed extension usually replaces the 
crossed stepping of the spinal preparation. 

(10) The scratch reflex and ‘stepping’ can be reflexly sup¬ 
pressed by evoking other reflexes in the limb, e.g. steady ex¬ 
tension of the limb, or steady flexion can displace and exclude 
them. Stimulation of a point in the cut face of the cervical 
spinal cord can also arrest the stepping [191]—this point corre¬ 
sponds in the topography of the spinal cross-area with the region 
of the vestibulo-spinal tract. It arrests the stepping and evokes 
extension of the ipselateral hind limb. 

The nervous mechanism answerable for the essential rhythmi- 
city of the scratch reflex and stepping seems a central spinal 
one, not requiring rhythmic impulsion from outside. For spinal 
stepping Graham Brown [38] has especially insisted on this. 
That its rhythm can be regulated and influenced by secondary 
reflexes occasioned in the limb by phases of the act ‘stepping’ 
itself is indicated by observations, e.g. (7) above. Such influence 
has been traced to proprioceptive reflexes [178]. Co-operation 
of skin reflexes is certainly not essential for stepping. ‘Spinal’ 
stepping occurs readily and indeed best when the hind limbs are 
off the ground and without support. In the cat, normal except for 
desensitization ofthe feet, the stepping act isexecuted despite that 
desensitization with surprising approach to apparent normality. 
With all four feet desensitized the animal will walk the rungs of a 
horizontally placed 12-foot ladder quickly without stumble or 
hesitation and without a glance at its feet [178]. The bird after 
complete deafferentation of one foot will sleep standing perched 
on the deafferentated foot [47]. The contact of the sole with the 
ground, however, reinforces the extensors of the limb [63, 145]. 
The extensor thrust of the limb signifying the gallop [178] is 
excited by plantar pressure, or even from hairlets on the under¬ 
side of the foot. 

The stepping of the spinal hind limbs has been compared 
with the rhythmic activity of respiration [38, 178]. Graham 
Brown has shown that narcosis and asphyxia favour its occur¬ 
rence, and that it may then arise autocthonously in the centre. 
The excitation is, however, commonly by stimulation either of 
peripheral afferents or of intraspinal descending paths which 
are, in relation to the spinal motor centre likewise afferent. 
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The production of the rhythmic reflex by continuous stimula¬ 
tion of the lateral column of the cut spinal cord may resemble 
the bilateral stimulation of symmetrical afferent nerves in so 
far that the descending spinal fibres stimulated include some of 
opposed effect, i.e. excitatory-inhibitory, on extensors and 
flexors respectively. 

In all these rhythmic reflexes the incidence of the turning- 
point is synchronous throughout all the large field of muscula¬ 
ture employed. In ‘stepping’ the turning-point is synchronous 
throughout the musculature of both hind limbs. This suggests 
as feature of the central mechanism an internuncial relay of wide 
distribution. There might be supposed for such a penultimate 
relay a slow depolarization wave on the analogy of the rhythmic 
potential waves discovered by Adrian and Buytendijk [12] in 
the brain stem of the teleost. It is noteworthy that the ‘scratch’ 
[176] and stepping [38] are facilitated by asphyxial conditions. 
The phasing of these alternating reflexes can be affected by the 
proprioceptive and other stimuli which they generate—as well 
as of course by many other extrinsic stimuli—but their phasing 
is not caused, by peripheral stimuli [38]. The self-generated 
proprioceptive stimuli of the muscles which take part in pro¬ 
gression can regulate the act but are not essential to its rhythm. 

Another form taken by the transition from one reflex act to 
another is where a movement leads to and is succeeded by a 
posture. This item of reflex co-ordination is well exhibited in 
the decerebrate preparation where a crossed extensor reflex has 
as its sequel, following withdrawal of the stimulation of the 
crossed reflex itself, a persistence of the active knee-position 
reached although the stimulus provoking it has ceased. Here 
in the extensor muscle an autogenous proprioceptive postural 
reflex appends itself to the exteroceptively excited crossed reflex. 
The one merges into the other so smoothly and fully that there 
may be even in the plateau line of the myograph nothing to 
indicate where one ended and the other began. It is coalescence 
rather than a suffixing; it is as though the autogenous reflex of 
the muscle accompanied the exteroceptively evolved reflex con¬ 
traction of the muscle and stood revealed only when the latter on 
withdrawal of the exteroceptive stimulus died out. It illustrates 
the aphorism that posture accompanies movement like its 
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shadow. The myogram plateau, isometric or isotonic, may for 
a time remain unaltered though the postural reflex has replaced 
the exteroceptive which induced it. Reflex inhibition, however, 
detects a difference; the postural remainder is the more in- 
hibitable. 

Here the co-ordinative process operating the transition or 
liaison consists in attaching an autogenous proprioceptive reflex 
of the muscle itself (the shortening reaction) to the reflex, 
exteroceptive or other, which brings that muscle into action. 
It is noteworthy that for this the ‘decerebrate’, not the spinal, 
is the preparation of predilection, i.e. prespinal centres in sup¬ 
port of spinal. 


DECEREBRATE RIGIDITY 

Recourse is taken to ablation of portions of the central nervous 
system the better to isolate for observation the functions of the 
reduced remainder. But the central organ is too intricate in 
spatial arrangement to allow of gross mutilation without distor¬ 
tion as well as simplification of its functions. Removal of the 
cerebral hemispheres above the thalami in cat and dog still allows, 
on recovery from the anaesthetic, assumption of the sitting or the 
standing posture. This it does in virtue of a system of reflexes, 
largely labyrinthine, the ‘righting’ reflexes (Magnus), which co¬ 
operate with a further set, postural and proprioceptive, in the wide 
sense of that term, executive of attitude. If the ablation be made 
further aboral, e.g. by transection between the anterior and pos¬ 
terior colliculi, there appears instead of the fairly normal postur¬ 
ing of the thalamus preparation a characteristic extensor rigidity, 
‘decerebrate rigidity’. The animal then, in absence of external 
stimulation, remains with extended limbs and neck, whether 
set on its side, or prone, or supine. If placed upright upon its 
feet it retains the erect position so given it. The weight of the 
various parts is then supported by the continuous contraction 
of muscles counteracting gravity. The limbs do not give way, 
the head is erect, the neck does not sink, the back does not yield, 
the tail does not drop, the lower jaw is kept lifted against the 
upper. All that system of musculature which posturally resists 
gravity in the erect position exhibits steady contraction. Its con¬ 
traction is reflex [159], and proprioceptive reflexes play a great role 


DECEREBRATE RIGIDITY 149 

in its production. For the fore-limb the proprioceptive reflexes 
are from the head mainly, the labyrinthine [141, 142]. For the 
hind limb the proprioceptive reflexes are from the extensor 
muscles themselves mainly, for with these, if in a sample muscle 
exhibiting the rigidity the afferent fibres be cut, the rigidity con¬ 
traction disappears from that muscle, though affected little or 
not at all by the cutting of other afferents [170]. The reflex 
contraction in these extensors is therefore autogenous in source 
being traceable to proprioceptors of the reacting muscle itself, 
although it is reinforceable, and replaceable for short spells, by 
headward proprioceptive reflexes from the neck, &c. In the 
fore-limb, however, these latter altogether predominate. 

The preparation does not possess in the same adequate 
measure, as does the thalamic, the power to assume or to adjust 
its erect posture. It has not the same righting reflexes. Laid on 
its side or inverted it cannot raise itself to the sitting or standing 
position. 

Other differences between it and the thalamic preparation are: 
the marked pseud-affective condition of the latter, e.g. as reactions 
to skin stimuli, lashing of tail-tip, pilomotor erection in tail, ‘aggres¬ 
sive’ vocalization, unsheathing of claws, dilatation of pupil, retraction 
of lips, springing and running action of limbs. The threshold for skin 
stimuli does not seem regularly lower than in the intercollicular 
preparation, but each reaction to the supraliminal stimulus is fol¬ 
lowed in the thalamic preparation by a short train" of muscular acts 
largely locomotor, and of pseud-affective character. 

The posture maintained in decerebrate rigidity resembles 
‘standing’ in that it presents a continuous (postural) contraction 
of the greater share of all that synergic system of muscles which 
by equipoising gravity in the erect position executes and main¬ 
tains the standing attitude. The chief departure is in the apex 
of the limb, which is relatively limp. But normal standing is a 
geotropic reaction, and this reflex ‘rigidity’ is not per se a geo¬ 
tropic reaction. The rigidity persists when the animal is laid on 
its side and after excluding the specific geotropic receptors, the 
labyrinths [178]. Nevertheless in it the musculature for standing 
is operated reflexly and throughout practically all its manifold 
details and synergy, although the accessory righting reflexes are 
almost wanting. 
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With the preparation on its feet in the erect position a 
reflex posturally maintaining its attitude is the ‘stretch re¬ 
flex’ [119, 187]. This is so to say potentially geotropic, because 
as limbs, neck, tail, or jaw yield or droop under gravity, each 
such yield stretches the corresponding antigravity muscles and 
these react by postural contraction to it; and these are the 
muscles which play the grand role normally in execution of the 
erect posture throughout the body. Its excitatory reactions may 
be so enhanced in decerebrate rigidity that the ‘lengthening 
reaction’ dependent on proprioceptively excited self-inhibition 
[173] of the limb-extensor may in some instances be no longer 
obtainable, proving ineffective against the high degree of tonic 
excitation. This ineffectiveness argues against the ‘lengthening 
reaction’ being a ‘pain’ reflex or the stimulus which provokes 
it being of ‘painful’ nature, i.e. in the sense of acting via noci¬ 
ceptive (‘pain’) afferents in the muscle. Usually the extensor 
tonus of decerebrate rigidity is moderate enough to allow readily 
of the ‘lengthening reactions’. The degree of rigidity varies from 
experiment to experiment probably owing to small differences in 
the level or details of the trauma. With moderate rigidity the 
condition shows good static stretch reflexes of the extensors, and 
lowness of threshold and free after-discharge for the extensor re¬ 
flexes generally, coupled with, for the flexor reflexes, a threshold 
much higher and a response less free than obtain for them in the 
‘spinal’ state. 

But not uncommonly the ‘rigidity’ is more extreme. The 
‘standing’ of the decerebrate preparation is then an exaggeration 
and caricature of normal standing. Along with the strong tonus 
of the extensors the flexors, e.g. semitendinosus, sartorius, and 
tibialis anticus, instead of reacting to a pluck by the simple 
‘pluck reflex’ [13] may respond with a short clonus. There is 
an admixture of flexor and extensor superactivity. As with 
general stimulation of a bared afferent nerve-trunk, so here an 
unnatural commingled functional activity results: so also here a 
particular functional component of the admixt functional con¬ 
dition is salient and dominates. That dominant here is the 
activity of the postural proprioceptive vestibular system which 
operates the antigravity muscles, broadly taken, the executive of 
‘standing’. The rigidity is therefore synergic and co-ordinate in 
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many respects; it is also artificial and complex, and at times even 
swings over into predominance of flexor tonus [16]. Such flexor 
tonus is certainly at times the accompaniment of haemorrhage 
with clot accumulated in and over the fourth ventricle. Com¬ 
monly, however, it presents broadly, and often with approach to 
purity, the neuromuscular system for standing—parted it is true 
from its geotropic receptor—and it presents that system in pos¬ 
tural activity. The condition is not, however, fully tantamount to 
a simply, in the Jacksonian sense, released, pure, uncomplicated, 
and unmutilated exhibition of standing. Inferences drawn from 
its analysis can only be applied to normal standing with reserve. 

THE SPINAL STATE 

The spinal state obtaining after removal of the brain serves so 
commonly for study of reflexes, the question rises how far it 
and its reactions represent within their measure a normal co¬ 
ordination. Severance of the cord in higher mammals (cat, dog, 
monkey) produces at once a limp quietude of the skeletal 
muscles aboral from the transection; and even when the whole 
segmental length of the cord is so included. This muscular 
inactivity comprises absence of active attitude. The decapitated 
cat thus contrasts with the decapitated frog; the latter within a 
few minutes takes and maintains the squatting posture, less per¬ 
fectly it is true in the fore-quarters than the hind. The ‘spinal’ 
cat contrasts perhaps even more with the cat ‘decerebrated’ by 
intercollicular transection of the brain stem. In this latter sub¬ 
sequent spinal transection has as its aboral consequence im¬ 
mediate disappearance of the extensor rigidity along with the 
lengthening and shortening reactions and Philippson’s reflex, 
and a rise in threshold and fall in supraliminal response of the 
crossed extensor reflexes: conversely, an immediate and pro¬ 
gressive fall in threshold with augmented volume of the direct 
flexion reflex [196]. The extensor excitation and facilitation 
which are thus removed aborally by the spinal transection are 
of prespinal origin because transection even half-way up the 
bulb is followed aborally by the same change. The extensor 
activity requires mainly the vestibular nucleus of the bulb, 
whence it descends by an uncrossed path, the vestibulo-spinal 
[99, 100,170]. Headward of spinal severance in the decerebrate 
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preparation there is some heightening of the reflex excitement 
of the extensors, e.g. the extensor rigidity of the fore-limbs is 
increased. 

As to the marked facilitation [196] of the hind-limb flexor 
reflexes which in cat and dog follows spinal transection it is such 
that their threshold is lower than in either the intercollicular 
or the precollicular (thalamic) decerebrate preparation. The 
threshold continues falling for some hours after the severing of 
the cord, and the volume of the flexor contraction response as 
tested over a range of stimuli goes on increasing. This effect 
which holds for the cat and dog shows that in them the spinal 
condition, conversely from decerebrate rigidity, disturbs the 
extensor-flexor reflex-balance in favour of the flexors. It is 
therefore open to doubt whether the spinal preparation yields 
fair samples of co-ordination of a number of ‘compounded’ 
reflexes: thus its stepping is sometimes executed by the flexors 
alone without co-operation by the extensors [35]. 

Turning from cat and dog to a yet higher mammalian type, 
namely monkey, the paucity of spinal reflex action after 
severance of the spinal cord is striking [160]. It applies to the 
flexors as well as to the extensors. As for the latter even the 
knee-jerk, which in the spinal cat, although devoid of postural 
accompaniment and easily inhibitable, never defaults, is in the 
spinal monkey usually unelicitable for some hours or days 
following mid-thoracic transection; and its return is feeble and 
uncertain. Very occasionally, it is true, it does not completely 
disappear at all. The flexor reflexes, differently from their spinal 
condition in cat and dog, are here greatly depressed, sometimes 
even down to extinction [160]. Thus the reflex response of the 
ankle flexor to ipselateral popliteal nerve as afferent which in 
the acute spinal cat will yield a contraction of 80 per cent, of the 
total muscle, in the acute spinal monkey sometimes yields no 
measurable contraction whatsoever. The spinal depression in 
the monkey therefore, besides being more severe, presents a 
qualitative difference from that of cat and dog. 

The difference is rather widened than removed when regard 
is had to the course of events subsequent to transection. In cat 
and dog the reflex activity of the separated cord commonly 
improves for a period even of many weeks following the tran- 
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section. Any such improvement if it occur in the monkey is 
much less. In the dog and cat the response to a spring clip on 
the foot is in the early period a simple flexion of the limb, and 
becomes later a reflex train of vigorous alternating flexion- 
extension and abduction-adduction which may not subside until 
it has freed the foot. Of the extensor muscles the ‘quick’ 
ones recover the less and the more slowly (p. 59). The crossed 
extension reflex becomes elicitable though not well maintained. 
The ‘lengthening reaction’ and Philippson’s reflex become ob¬ 
tainable. In the ankle-extensor the static stretch reflex may be 
obtainable [67] though imperfect. In the dog the ‘spinal’ hind 
limbs if placed in the standing posture are found capable of 
maintaining the extended posture and supporting the weight of 
the hind quarters, even for minutes at a time. The ‘spinal’ 
standing is, however, subject to sudden lapses [178]. Vascular 
and visceral reflexes lie outside the scope of this book, yet we 
may note as to the improvement of reflex spinal activity gradually 
ensuing after high spinal severance that one of the most striking 
and measurable in the dog is recovery of the vasopressor 
reflexes operated from afferents behind the lesion, c.g. from a 
popliteal nerve. Hardly at first obtainable after cervical tran¬ 
section, they in the course of some weeks become elicitable and 
ample [168], and the general arterial pressure which had been 
dangerously lowered is in large measure restored. 

This progressive improvement of spinal reflexes accruing 
during weeks, and even months, after spinal severance is com¬ 
monly spoken of as ‘subsidence of spinal shock’. The loss of 
function initially following a trauma of the central nervous 
system commonly is in part temporary; to explain its fugitive 
nature a factor often invoked is ‘shock’. That in the nervous 
system a local traumatic lesion can irradiate disturbance some 
of which will be transient and subside is intelligible enough. 
Transient vascular derangement, local oedema, stages of in¬ 
flammatory repair, will temporarily aggravate the results of a 
trauma. But that a trauma per se can continue for weeks and 
months as a focus radiating inhibitions to distant regions is a 
view with little now to recommend it. Trauma in the form of 
severance of a nerve-fibre is not a durable stimulus. Cut nerve- 
fibres in some cases cease to discharge impulses in a few seconds; 
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others of a certain kind persist for an hour or more (Adrian) [6]. 
from very early after completion of a trauma its effects upon 
nervous function at a distance must depend solely on abeyance 
of impulses normally current and, owing to paths broken and 
sources annihilated, thenceforward lost. Impairment of local 
function will then follow where impulses contributing (by sum¬ 
mation) to motor excitation have been withdrawn, even though 
they may have had in themselves but subliminal value: thus, 
the impairment of hind-limb extensor reflexes after cutting off 
vestibular influence by spinal transection. Conversely, the in¬ 
terruption of impulses contributory to inhibition can exalt reflex 
activity: thus, the lower threshold and increased volume of 
the flexor reflex aboral to spinal transection in decerebrate 
rigidity. 

The impairment of the extensor and vasopressor reflexes, so 
marked an immediate sequel to cord section, shows that the 
spinal centres for these after withdrawal of a main and more or 
less continual stream of impulses normally incident on them 
cannot for a time respond to the much reduced excitation hence¬ 
forth available. Some gradual improvement does accrue during 
the following weeks. After the break in their activity consequent 
on the cord section the motoneurones may assume in course of 
time a condition of lower threshold which renders them re¬ 
sponsive to the reduced excitation available. Trophic changes 
associated with function may enter here. There is, in neuro¬ 
cytology, an analogy in the regressive chromatolytic changes in 
motoneurones and Clarke-column cells induced by spinal sever¬ 
ance, and in the course of weeks showing recovery [206]. 

In the laboratory the most extreme example of ‘spinal shock’ 
is that presented by the monkey [101, 160]. There in the hind 
limb not only extensor but flexor reflexes are scarcely obtain¬ 
able; and lapse of time brings, so far as the skeletal muscles are 
concerned, little recovery or acquisition of reflex reaction. The 
neurocytological analogy might be to chromatolysis too severe 
for repair. The skeletal muscles waste obviously'. The con¬ 
dition by its greater severity suggests, more cogently than in cat 
and dog and with more emphasis, that along with abeyance of 
activity there supervenes a neuromuscular change amounting to 
dystrophy. This, since consequent on functional isolation of the 
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spinal from the remaining nervous system, has been spoken of 
as ‘isolation-dystrophy’ [160, 209]. 

An interest attaches to this condition because of the monkey’s 
closer likeness to man. The contrast between the effect of spinal 
transection on the hind-limb flexors in monkey and in cat and 
dog indicates a prespinal influence exerted in the higher animal 
upon the flexors which is wanting and relatively negligible in 
the lower. It is natural to correlate this with the more developed 
cortico-spinal tract of monkey. 

The above suggests that, in order to shift control of a reflex 
effect from a spinal to a supraspinal mechanism, all that is needful 
is so to reinforce the supraspinal factor in the excitation of the 
‘motor centre’ that the spinal factor (e.g. spinal afferents) sinks in 
its share of the summated total so as no longer of itself to supply 
enough excitation to operate the effect. It may be that the 
spinal afferents can still exert the effect indirectly by enlisting the 
developed supraspinal mechanism (‘long-circuiting’ [95]), but 
after loss of this latter they do not of themselves suffice. Sum¬ 
mation and the manner of production of the reflex threshold 
being what they are, all that is anatomically required for the 
shift of control from one route to the other is an alteration in the 
relative density of the axone terminals. Such change of density 
could secure, for instance, that the threshold of the flexion reflex 
become subject entirely to a supraspinal mechanism. 

One inference fairly obtainable from the reactions of the ‘spinal 
condition’ and bearing upon it as a field for study of reflex co¬ 
ordination is the following. Where a reflex centre is concerned 
muscular quiescence may mean (a) either quiescence of the 
reflex organ as regards the muscle or ( b ) activity within the 
reflex organ producing there inhibition as regards the muscle. 
The quiescence of the skeletal musculature in the spinal mam¬ 
mal proves on analysis to mean quiescence of the reflex organ; 
it seems nowhere to predicate active inhibition. The study of 
co-ordination in the ‘spinal’ preparation has therefore a clean 
background of passive quiescence against which excitation can 
be shown uncomplicated and unhindered by residual inhibitory 
opposition to excitation. 

This inference strengthens another. From lower animal types 
varied and energetic reflexes are obtainable in the ‘spinal’ con- 
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dition. Thus, there are limb flexion and limb extension in the 
frog,some limb extension but mainly limb flexion in cat and dog. 
On turning to types closer to man, e.g. monkey, it may be that 
the marked default of such reflexes in these latter is due to 
untoward accessory conditions such as shock, inhibition, toxins, 
&c., rather than to fundamental disability of the spinal machinery 
for such reactions. Yet, facing the facts, there seems no valid 
evidence that purely spinal reflexes like those demonstrable in 
the spinal cat and dog are present in the monkey. There is no 
evidence of residual inhibition at work in its spinal state, and 
the reflexes obtainable in cat and dog cannot be elicited. They 
are not there. It seems clear that in the higher animal type 
supraspinal factors of co-ordination have taken over the province 
of what in lower types mainly belonged to the spinal executive. 
In the higher type the spinal executive when unsupported no 
longer exercises the offices which in the lower type it does. In 
so far as concerns the skeletal musculature there is between the 
‘spinal condition’ of the dog on the one hand and of the monkey 
on the other a difference hardly less, although converse in direc¬ 
tion, than that obtaining between them in respect of cerebral 
development. 

The higher the mammalian type the less of purely reflex 
function will there be which a spinal transection can release. 
Whether anything complete, in the sense of being an act executed 
as regards its co-ordination not less successfully in the spinal 
than in the normal intact animal, is still retained at spinal 
level in the higher mammal is doubtful. In the frog it 
may be that there is. In the cat some of the pinna reflexes 
examined in this respect reveal to inspection little difference in 
their execution in the bulbo-spinal and in the intact cat re¬ 
spectively [183]. This suggests that in the intact cat their bulbo¬ 
spinal machinery suffices and runs for itself, and that higher 
centres release or prevent but do not interfere in detail. The 
point of view reached in this respect amounts to that which has 
long been held for the respiratory act of lung-ventilation. 
The pinna reflex executes a very simple act for a very simple 
effect; but it is doubtful whether in the higher animal type, 
e.g. monkey, even so simple an act remains purely bulbo-spinal. 


CONCLUDING REMARKS 

We may ask in conclusion whether from the attempted 
analysis of the simpler reflexes anything like a general principle 
emerges fundamental to co-ordination. In some degree there 
does. That important and practically omnipresent factor in 
co-ordination, namely adjustment of quantity of contraction, 
presents itself (and the more so as the scale of reflex complexity 
is ascended) as the resultant commonly of two interacting 
antagonistic central processes, excitation and inhibition (cf. 
Figs. 53, 62). The degree of activity of a motoneurone corre¬ 
sponds with the algebraical sum of the opposed influences of 
excitation and inhibition convergent upon it. 

It is true that for physiological experiment the nervous system, 
purposely curtailed in extent, even to retention of perhaps but 
one afferent channel, and that one active only while artificially 
stimulated, exhibits reflex excitation freed in many cases from 
concurrent inhibition. It is true also that that central excitation 
can be graded, by grading the stimulus, and that so also can 
inhibition. But under intact natural conditions we have to 
think of each motoneurone as a convergence-point about which 
summate not only excitatory processes fed by converging im¬ 
pulses of varied provenance arriving by various routes, but also 
inhibitory influences of varied provenance and path; and that 
there at that convergence-place these two opposed influences 
finally interact. 

The two convergent systems themselves, one excitatory, one 
inhibitory, make of the entrance to the final common path, 
which we may accept the motoneurone as constituting, a 
collision-field for joint algebraically summed effect. In the 
higher vertebrate rarely is either member of this paired system, 
excitatory-inhibitory, wholly quiet when its fellow is active, for 
their relation to stimuli is reciprocal. The opposition between 
the effects of the two on the motoneurone is quantitative, and 
the grade of functional activity or inactivity of the motoneurone 
reflects this quantitative interaction. Whether the excitatory 
has the upper hand, or whether the inhibitory, commonly both 
are at work, and the functional state of the motoneurone indexes 
the net result from the two. 
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This statement can find justification and illustration in such 
a simple instance as that of the extensor muscles. With them 
we know that the mechanical action of the muscle itself affects 
reflexly the activity of its own motoneurones. The muscle’s 
contraction by pulling on its own tendon can and does produce 
reflex excitation of itself (<autogenous excitation ), indeed this 
appears as one basis of its reflex tone. Active contraction of the 
muscle can also stimulate certain receptors in it which develop 
reflex inhibitory restraint {autogenous inhibition) of its own 
motoneurones. The ataxy of tabes dorsalis with its impairment 
of tone and its unchecked muscular momentum (Fig. 64) 
illustrates well how constantly each natural act rests for its 
normal execution on a collaboration between concurrent excita¬ 
tion and inhibition. 

The picture of an excitatory system convergent upon the moto- 
neurone and gathering impulses from manifold sources and paths, 
varying in extent and power with the set or sets of receptors in action 
and with the series of centres involved, offers no difficulty and the 
text-books furnish.for it abundant diagrams. In respect, however, to 
the inhibitory system which the principle of action now before us 
requires us to envisage as more or less a counterpart and counterpoise 
to the excitatory against which it acts, a certain ambiguity enters the 
picture. Central inhibition is by experiment clearly shown to have a 
locus closely circumjacent to the motoneurone itself, i.e. in terms of 
reflex direction immediately upstream from that. There the con¬ 
vergent inhibitory system will certainly act. But as to whether on its 
way thither the inhibitory system also at other links in its neurone 
chain, for instance further upstream and headward (for some of its 
chains are long), develops inhibition which can influence the moto¬ 
neurone remains still obscure. Except at the locus of the motoneurone 
central inhibition is little known to actual experiment, apart from 
somewhat indirect evidence for the bulbar vasomotor and respiratory 
centres. 

Fundamental in the co-ordinative regulation of the moto¬ 
neurone is the combined action on it of the summed excitations 
of the moment pitted against the concurrent summed inhibitions. 
Each individual motoneurone is individually dealt with thus. 
Hence these two opposed and separately gradable influences 
which by antagonistic interaction also mutually grade together, 
make the motoneurone and therefore the motor unit their unit 
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of operation. The foundation of the quantitative grading is 
based on the individual motor unit. The musculature as a 
whole being composed additively of motor units the co-ordina- 
tive taxis takes expression in the musculature as a whole as an 
additive effect. 

The range of excitation and inhibition experimentally observ¬ 
able in the individual motoneurone is more extensive than the 
mechanical response of the muscle-fibres can follow. The rate 
of firing of the motoneurone under summed excitation can 
exceed the rate which produces full tetanic tension of the 
motor unit. Heights of excitation therefore occur in the nervous 
centres greater than the skeletal muscle-fibre can commen- 
surately express [191]. If this seems wasteful of central activity 
we may remember that additional excitation exerted on a moto¬ 
neurone whose muscle-fibres are already driven maximally for 
tetanic contraction is not necessarily wasted. That surplus 
remains still a contribution to co-ordination because further 
excitation offers a further resistance to inhibition. Conversely, 
an added inhibition in the case of an already quiescent neurone 
although in one sense wasted, is a further protection which co¬ 
ordination may need against excitation. In times of crisis the 
dilemma lies between strong actions and the very strength of 
the action taken may serve to safeguard it against interruption. 


APPENDIX I 

STRUCTURAL FEATURES OF MUSCLE RECEPTORS 

IN MAMMALS 

From one-third to one-half of the fibres composing any nerve 
(other than a branch of a cranial nerve) distributed entirely to 
skeletal muscle are processes of cells situated in dorsal root 
ganglia, as can be proved by degeneration experiments [158] 
(Fig. 67). 1 These fibres are therefore afferent, and they carry im¬ 
pulses to the central nervous system from proprioceptive endings 
in muscles and tendons and from other deep structures. They 
terminate peripherally in various ways and have a number of 
important functions. They inform consciousness of the position 
and the movements of the different parts of the body; they 
subserve reflexes like the knee-jerk in response to passive 
stretch; there is good evidence that some of them are stimulated 
by active contraction; endings in the muscles and joints of the 
neck and trunk initiate attitudinal and righting reflexes affecting 
almost the whole body; and in some circumstances (e.g. cramp) 
pain may be evoked from muscles and tendons. 

Of the organs in which these afferent fibres are distributed, 
the most complex and interesting are the muscle-spindles (Fig. 
68). The mammalian muscle-spindle [107, 149, 158] measures 
from 0-75 mm. to 4 mm. in length and is from 80/x to 200 p. in 
diameter at its widest part. Its long axis lies parallel to the 
muscle-fibres in which it is embedded. Situated as a rule in the 
fleshy parts of the muscles, spindles are plentiful in the limb- 
muscles, where their number has been estimated to be sufficient 
to account for almost two-thirds of all the afferent nerve-fibres 
of those muscles. They appear to be absent (at all events in this 
particular form) from the facial muscles and from the intrinsic 
muscles of the tongue and larynx, and, in many animals, from 
the external ocular muscles. 

Each spindle consists of a bundle of from two to twelve intra¬ 
fusal muscle-fibres enclosed within a capsule of circularly 
arranged fibrous tissue. A distinct space, which may be 40 ju. to 
60 fj, wide in the equatorial region, separates the capsule from 
its contents. This space contains lymph, and is bridged across 

1 See plate facing p. 99. 
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by delicate septa which unite the capsule with the axial sheath 
of connective tissue investing the bundle of muscle-fibres 
(Fig. 69). 

Two or three rather small muscle-fibres enter the spindle at 
its proximal end. Within the spindle they tend to split length¬ 
wise, each producing perhaps three daughter fibres which 
become tendinous as they approach the distal pole of the organ. 
The structure of the intrafusal fibres differs from that of 
ordinary muscle-fibres. For a considerable part of their length 
they are circular in cross-section, with a diameter of 6p to 28 [x; 
their nuclei are often embedded in their thickness; commonly 
it is only the marginal sheet of their substance which is striated; 
and the striations are coarser than in the neighbouring ordinary 
fibres. In the equatorial region of the spindle the striation is 
obscured by a large collection of nuclei. The afferent nerve 
endings are found in this region and differ from motor end- 
plates in never being hypolemmal. 

The nerve-supply of muscle-spindles is derived from two 
sources. The intrafusal fibres possess motor end-plates supplied 
by small unbranched medullated nerve-fibres, which degenerate 
on section of ventral spinal roots (Onanoff; Cipollone). After 
severance of the nerve to a muscle, the muscle-fibres in the 
spindles do not atrophy, as do ordinary" muscle-fibres. Each 
spindle also receives, on the average, three to four large medul¬ 
lated fibres, even up to i8p, in diameter, which degeneration 
experiments have shown to be dorsal root ganglion fibres [158]. 
These pierce the capsule from the side, usually between the 
equator and the proximal pole, and do not lose their myelin 
sheaths until they have crossed the periaxial space and reached 
the intrafusal muscle-fibres. They branch freely at nodes of 
Ranvier, and their terminal filaments, which may be connected 
with several intrafusal muscle-fibres, are larger in diameter than 
the parent nerve-fibre. 

The axis-cylinders of the afferent fibres end in one of two 
ways in connexion with the intrafusal muscle-fibres. The 
largest of them, after losing their myelin sheaths just before 
actually meeting a muscle-fibre, become flat and broad like 
ribbons. The ribbon either divides into two and wraps itself 
round the intrafusal fibre as a spiral, in which case the turns lie 





Fig. 69 A. Transverse section of muscle-spindle in 
equatorial region, showing fibrous capsule, lymphatic 
space bridged by septa, and intrafusal muscle-fibres. 
Outside the capsule is ordinary muscle-tissue. 



Fig. 69 B. Transverse section of same spindle as in 69 A 
near one pole. The lymphatic space is hardly visible. 
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very close together at the middle of the ending and gradually 
open out to terminate in free ends, or it runs lengthwise along 
the surface of the muscle-fibre giving off a succession of ribbon¬ 
like rings which encircle the fibre. Together these constitute 
Ruffini’s annulo-spiral endings. The smaller afferent fibres are 
both myelinate and amyelinate. The myelinate enter the spindle 
at some distance from the entrance of those that have already 
been described, and divide into secondary branches which, like 
the latter, are distributed to the muscle-fibres near the equator 
of the spindle. Their naked axis-cylinders ramify around and 
upon the intrafusal muscle-fibres to form the elaborate and 
delicate structures which are suggested by the name ‘flower- 
spray ending’ (Ruffini). It is usual to find both these types of 
ending close together on the same intrafusal fibre. The non- 
medullated fibres accompany the primary sensory bundle of the 
spindle and reach the intrafusal muscle-fibres by crossing the 
periaxial lymph-space of the spindle. Their most usual ending 
is as minute rings or plates epilemmally placed among the nuclei 
of the sheath of the intrafusal muscle-fibre, often in the region 
of the annulo-spiral ending of Ruffini. 

In the majority of mammalian muscles the muscle-spindle 
is the ending by which afferent nerve-fibres enter most closely 
into relation with muscle-fibres. It is probable that the adequate 
stimulus is active contraction or passive stretch or both. 

Weiss and Dutil [207] have described branches of a single nerve- 
fibre in the cat being distributed, one to a muscle-spindle, and another 
to a Golgi tendon-organ. 

Rather similar, though much simpler, spindle-organs in the 
frog respond to passive stretch [131, 132]. That there are 
receptors responsive to active contraction has been proved in a 
number of ways [53, 55, 62]. 

Muscle-spindles have not been found in the eye-muscles of 
the cat, the monkey, and many other species. These muscles 
are, however, plentifully supplied with endings of afferent type 
[70, 201] which are derived, as degeneration experiments have 
proved, from fibres of the third, fourth, and sixth cranial nerves. 
The receptors are found in intimate relation with the contractile 
muscle-fibres, as well as in tendon and connective tissue. To 
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the former group belong fine arborizations on the surface of the 
muscle-fibres, and peculiar endings at the junction of muscle and 

tendon. These are the terminal 
filaments of branching medullated 
fibres and they ramify for a short 
distance along the surface of the 
muscle-fibres, which they ap¬ 
proach by recurving from the 
direction of the tendon. The 
ramifications tend to lie approxi¬ 
mately parallel to the long axis of 
the muscle-fibre. 

In the tendons of mammalian 
muscles the most characteristic re¬ 
ceptors are the tendon-spindles or 
Golgi organs (Fig. 70). These are 
found in all tendons close to their 
muscular origin. They appear to 
be specially frequent in tendon 
bundles arising from muscle- 
spindles. Each organ (see [109]) 
consists of a number of tendon 
fasciculi surrounded by a lymph 
space and enclosed in a fusiform 
or cylindrical fibrous capsule. It is 
supplied by one or two myelinate 
nerve-fibres, which are smaller 
than those of muscle-spindles and 
than most of the motor fibres 
from ventral roots. After enter¬ 
ing the capsule the fibres break up 

Fig. 70. Organ of Golgi from into smaller branches and ulti- 
human I endo Achillis. Gold chlo¬ 
ride preparation (Ciaccio). m, mately lose their myelin sheaths. 

muscle-fibres; /, tendon-bundles; They terminate in a rich arboriza- 
G Golgi’s organ; n, two nerve- tion in the tcndon bundle> Thc 
fibres passing to it. 

whole structure may exceed 0-5 
mm. in length. As tendon is not contractile and is almost 
inextensible, there can be little doubt but that the adequate 
stimulus for these organs is mechanical tension on thc tendon 
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in which they lie. They are probably excited both by passive 
and by active tension. 

Pacmian corpuscles , supplied by medullated nerve-fibres, are 
of frequent occurrence in the neighbourhood of tendinous 
insertions. They are also found in the fascia covering muscles, 
and sometimes embedded in the fleshy tissue of the muscles 
themselves. Pressure undoubtedly constitutes their adequate 
stimulus [i i]. A rather simpler and less frequent type of encap¬ 
sulated ending, which probably also responds to mechanical 
stimuli, is the Golgt-Mazzoni corpuscle . This is met with in 
tendons and in the sheaths both of tendons and of muscles. In 
addition, comparatively undifferentiated free nerve-endings occur 
in the connective tissue of muscles. These perhaps subserve 
pain, and may be the endings of some of the amyelinate 
afferent fibres which Nevin [133] finds present in nerves dis¬ 
tributed to muscle. 

In the existing state of knowledge it would evidently be rash 
to attempt to specify the reflex functions of any of the proprio¬ 
ceptive endings which have been described. Nor is it known 
which among them subserve ‘muscle-sense’. 


Fig. 71. Schema of end-organs in mammalian muscle (Denny Brown). 
Each muscle-fibre contributes a slip of tendon to the aponeuroses of origin 
and insertion. Four motor-nerve fibres ( a , a , a , a) are drawn as innervating 
twenty-three muscle-fibres. Actually many more muscle-fibres are inner¬ 
vated from each motoneurone [48], and the muscle-fibres innervated by one 
motoneurone are scattered. The schematic muscle-spindle has three slender 
muscle-fibres, each innervated through motor end-plates by three different 
motor nerve-fibres (let it be supposed, from three different motoneurones). 
An annulo-spiral ending clasps these slender muscle-fibres at the equatorial 
level of the spindle, and is connected with the large afferent nerve-fibre b. 
The muscle-fibres also receive a Tower-spray’ ending of a second afferent 
fibre d. In more complicated muscle-spindles, with many intrafusal fibres, the 
number of flower-spray and motor endings is much greater. The Golgi 
tendon organ receives the insertion of a small number of muscle-fibres which 
are innervated from different units. Its afferent nerve fibre is£. The organ has 
a small ensheathing capsule. In soleus of cat there are nine to ten tendon 
organs and ten to eleven muscle-spindles, but many spindles are so complex 
and receive so many motor collaterals, that the representation of the latter on 
the spindle is difficult to estimate. Afferent fibres c run to the walls of 
arterioles e and the surrounding connective tissue. They are commingled 
with the sympathetic plexus s.p. 



Fig. 71. 











































































































APPENDIX II 

Table showing some common types of reflex reaction given by 
preparations (dog and cat) according to the level of section of the 


central neuraxis. 

Flexor muscles. 

Extensor muscles. 

Lozv spinal section: 
i.e. transection at or 
about level of last rib. 

i. ‘acute spinal’, i.e. 
some minutes or hours 
after transection. 

Flexor reflex easily 
evoked. 

Tendon-jerk present 
(‘pluck reflex’). 

Crossed inhibition. 

Tendon-jerk present. 

ii. ‘Chronic spinal’, 
i.e. some days, weeks, 
or months after tran¬ 
section. 

Flexor reflex easily 
evoked. 

Tendon-jerk present. 
Crossed inhibition. 

Tendon-jerk present. 
Imperfect stretch reflex 
(postural). 

Extensor thrust. 

Crossed extensor reflex. 

Decerebrate: 
i.e. transection between 
anterior and posterior 
colliculi some minutes 
or hours previously. 

Flexor reflex less readily 
evoked,butonce evoked 
has considerable after¬ 
discharge. 

Tendon-jerk. 

1 Crossed inhibition. 

1 

1 

Tendon-jerk with marked 
tonic after-discharge. 
Stretch reflex exagge¬ 
rated and chief factor in 
decerebrate rigidity. 
Crossed extensor reflex 
easily obtained with long 
tonic after-discharge. 
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INDEX 


Action currents in clonus, 61. 

-in crossed extensor reflex, 64- 

7 - 

-in flexor reflex, 21. 

-in motor twitch, 7. 

-in reflex twitch, 18. 

-in stretch reflex, 52-4. 

‘Addition latente, 5 63, 119, 121. 
After-discharge, 19, 21-3, 42-4, 65-9, 
141-2. 

— inhibition of, 93, 100. 
All-or-nothing principle in nerve- 
fibres, 3. 

Alternating reflexes, 142. 
Antagonistic muscles, 130-5. 
Antidromic impulses, 13, 38-9, 41-4, 
89-90. 

Asynchronism of impulses, 52-4. 
Ataxia, 70, 158. 

Autogenetic (proprioceptive) excita¬ 
tion, 72, 109, 158. 

- inhibition, 55, 68, 72, 109, 132, 

136, 158. 

Axones, 11, 16. 

‘Balance 5 , ‘neural 5 , 83. 

‘Behaviour 5 , animal, 104, 

Biting reflex, 113, 142. 

Blood-supply of active muscle, 61-2. 
‘Boutons terminaux 5 , 5, 14-15* 

Brain, dominance by, 155. 

Central conduction time, 36-7, 63. 
Central excitatory state, c.e.s., 32-4, 
37-8, 41-6, 81-2, 87-8, 94, 101-3- 
Central inhibitory state, c.i.s., 87-90, 
94, 102-3. 

Central reflex time, 15, 19-20, 36-7, 
63 • 

-definition of, 37. 

Centre, motor, see Motor centre. 
Chain reflexes, 142. 

Chloroform, 107. 

Chromatolysis, 12, 13, 154. 
‘Clasp-knife 5 effect, 55. 

Clonus, 61, 139. 

Co-contraction, 131, 135. 

‘Common path 5 , 14, 157. 


Concealed reflexes, 105-7. 
Conduction time, central, 36. 

-peripheral, 19, 36, 109. 

Convergence, 14, 25, 116-17, 157* 
Co-ordination, 104-59. 

Crossed extensor reflex, 63-71, 75, 
84, 133, iSi. IS 3 - 

-action-currents in, 64-7. 

-inhibition of, 73, 75, 96- 

101. 

Deafferentation, 49, 66-7, 70, 111, 
135-9, Mo, 143, 146, 149- 
Decerebrate rigidity, 148-51. 

Delay paths, 42-4. 

Dendrites, 11. 

De-recruitment, 120. 

Dispersion, temporal, of impulses, 
18, 37-8, 41-2. 

Double-joint muscles, 131-2. 

Double reciprocal innervation, 134. 

Eclipse, 100. 

Effector organ, 1, 5-8. 

‘d 5 embl£e 5 reflexes, 21, 120, 126. 
Excitation, grades of reflex, 117-25. 
Extensor reflexes, crossed, see Crossed 
extensor reflexes. 

-ipselateral, 72-83. 

Extensor thrust, 72, 108-9. 

Eye movement, 133-4. 

Facilitation, 28-9, 31-8, 70, 120. 

— sustained, 70, 120-1. 

Field, reflex, 28, 30-1, 129. 

‘Final common path 5 , 14, 157. 

Flexor reflex, 17-46. 

-contralateral inhibition of, 

8 5 - 9 3 ' 

-ipselateral inhibition of, 29, 35, 

40,78-9,90-1* 

Fore-limb, reflexes in, 79-80. 
Fractionation, 23-4, 29-31, 114-7* 
Fringe, subliminal, 36, 70, 86, 119, 
120-1. Figs. 12, 14. 

Ganglion, spinal, 9, 10. 

Geotropic reflex, 149-50. 
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Golgi apparatus, 12. 

— tendon organs, 164, 166. 

Gravity, as stimulus, 148-50. 

Grey matter, 10-16. 

Half-centres, 133. 

Induction, successive, 142. 

Inguinal region, 72-3, 78, 80-1, 83. 
Inhibition, 35, 49-51, 81, 84-103. 

— grading of, 85-6. 

— inactivation by excitation, 87-8. 

— ineffective, 134. 

— latent period of, 86-7, 93-4, 97. 

— summation of, 88-9,95-7,99-100. 
Internuncial neurone, 10, 63, 87. 
Ipselateral extension reflex, 72-83. 

-relation to flexion, 78. 

-and inhibition, 81. 

Isolation dystrophy, 154-5. 

Jaw, reflex movement, 113, 142. 
Jerk, see Tendon reflex. 

‘Jet’ type of reflex, 29, 91, 105. 

Knee-jerk, see Tendon reflex. 

Labyrinth and neck muscles, effect 
of, 54 , 59 , 148. 

Latent inhibition, 85, 89. 

— period, 19-20, 36-8, 63, 67. 

— successive induction, 82. 

Law of forward direction, 13. 
Lengthening reaction, 54-5,132,133, 

150, 153 - 

Local excitatory state, 4-5, 45. 

Local sign, 140-1. 

Locomotion, 143-5. 

‘Long circuiting’, 155. 

Maximal reflexes, 124-5. 

Membrane theory, 45. 

Motoneurone, 5, 33, 122, 157, 158. 

— pool, see Motor centre. 

— rate of discharge of, 44, 52-4, 117. 
Motor centre (motoneurone pool), 

27, 69, 116, 117, 125. 

— unit, 6, 8, 16, 23-4, 53, 85. 
‘Muscle sense’, 165. 

Muscle, slow ‘red’, and rapid ‘pale’, 
57-6o, 73-8, 80, 82, 132. 

— spindle, 16, 56, 160-4. 


Muscular motor tetanus, 8, 20-4, 63. 
-twitch, 7-8. 

— reflex twitch, 18, 85-7. 

Myotatic reflex, 47-62. 

-action-currents of, 52-4. 

-inhibition of, 49-51, 94-7. 

-rate of discharge of, 52-4. 

‘Natural’ stimulus, no, 120, 126-7, 
\ 136-8. 

Neck reflexes, 54, 59, 148. 

Nerve impulse, 1, 3, 4. 

Nerve roots, dorsal, afferent (sen¬ 
sory), 2, 9, 10. 

-ganglion, 10. 

-ventral, efferent (motor), 9, 10. 

Neural balance, 83. 

Neurofibrils, 11. 

Nissl granules, 12. 

Occlusion, 25-9. 

Opening of mouth, 113. 

Orientation of posture, 140-1. 
Overlap, 27-8, 33, 70, 119, 120-1. 

Pacinian corpuscles, 164. 

Pain, 17, 150. 

Path, final common, 14, 157. 
‘Pattern’, reflex, 141. 

Perikaryon, 9, 11. 

Phasic reaction, 50, 52. 

Philippson’s reflex, 55, no, 127, 151, 
I 53* 

Phrenic discharge, 118. 

Pinna reflex, 140, 156. 

Plurimuscular combination of re¬ 
flexes, 114, 128-9. 

Pool, see Motoneurone pool. 
Post-inhibitory notch, 73. 

Postural contraction, see Myotatic 
reflex. 

Posture, 147. 

Primary waves, 22, 64-6. 

Prime movers, 142. 

Principle of common path, see Com¬ 
mon path. 

— of convergence, see Convergence. 
Proprioceptive reflex, 47, 66, 148. 
Pseud-antagonists, 131. 

Pyramidal tract, 69, 155. 
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Rebound, 60, 70-1, 76-7, 81, m-13. 
Receptor organ, 1-2. 

Receptors, Golgi, 164, 166. 

— rate of discharge of, 2, 47, 118. 

— spindle, 56, 160-4 

— tension, 1, 47. 

Reciprocal innervation, 55-6, S4, 93, 
11 3 , 129 - 35 - 

Recruitment, inhibitory, 96. 

— of reflexes, 47, 63-4, 127. 

Reflex arc, 1-16. 

— centre, 5. 

— held, 28, 30-1, 129. 

— ‘pattern’, 141. 

— twitch, 18, 85-7. 

Refractory period of nerve fibres, 4, 
39 - 

-of reflex centres, 35, 39-40, 56. 

Regenerating fibres, 10. 

Repetitive firing, 22. 

Retention of action-current, 45. 
Retispersion, 12-13. 

Reversal of reflexes, 107-11. 
Rhythm of reflex discharge, 21, 44, 
52 - 4 . 

-movements, 113, 134, 141-8. 

-stimulation, 21-2, 64. 

Rhythmic reflexes, 141-8. 

Scratch reflex, 140-1, 145-6. 
Secondary waves, 21-2, 64-6. 
Self-braking, 137. 

‘Shortening reaction’, 54-5, 148. 
Silent period, 56, 60. 

Speed of movement, 135-8. 

Spinal roots, see Nerve roots. 

— shock, 52, 153-4- 

— state, 78, 151-6. 

Spindle, see Muscle spindle. 
Standing, 149-50. 

Static reaction, 50, 52. 

Stepping, 143 - 7 - 


Stretch reflex, 47-62; see also 
Myotatic reflex. 

Strychnine, 24, 83, 144. 

Subliminal excitation, 32-4, 119-23. 

— fringe, 36, 70, 86, 119, 120-1. 
Figs. 12, 14. 

Subtetanus, 118, 123-4. 

Successive induction, 142. 
Summation central, 31-8, 46, 63, 89, 
117; see also Facilitation. 
Sympathetic system, 14, 61. 
Synapse, 5, 10, 14-15, 42, 45 ~ 6 - 
Synaptic delay, 37-8, 63. 

Synergic muscles, 129, 131. 

Temporal dispersion of excitatory 
impulses, 37-8, 41-2. 

-of reflex discharges, 18. 

Tendon jerks, 50-2, 60. 

-- action-currents of, 55-6. 

-inhibition of, 93-4. 

Tetanus, muscular, 8, 20-4, 63. 
Thalamic preparation, 148, 149. 
Threshold, reflex, 30-1. 

Tone (stretch reflex), 48. 

Tonic appendage, 65-7. 
Transcollicular section, 148. 

Trauma as a stimulus, 153. 

Tremor, 138-9. 

Turning points of reflexes, 141-8. 
Twitch, motor, 7-8. 

— reflex, 18, 85-7. 

Vasomotor reflexes, 153. 

Visceral reflexes, 153. 

Vocalization, 149. 

Volley, impulse, 3, 8. 

Voluntary contraction, 53, 69, 138, 
141. 

Wave-summation, 64. 
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